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ABSTRACT 


Deflection  characteristics  of  a  pavement  affect  the 
permanence  of  a  road  structure.  Deflection  measurement  under 
vehicle  loadings  can  be  obtained  by  various  methods,  but  the 
advantages  of  the  use  of  the  Benkelman  Beam  have  gained  quick 
recognition  because  of  its  ease  of  operation,  speed,  and  economy 
in  obtaining  deflection  data.  Because  of  the  extensive  use  of  the 
beam  in  pavement  evaluation  and  the  desire  to  correlate  the  beam 
data  with  other  accepted  test  procedures  for  the  purpose  of  the 
pavement  design  and  construction  control,  analysis  and  correlation 
of  the  beam  data  with  results  from  a  theoretical  approach  are 
considered  advisable.  The  investigations  herein  thus  include 
interpretation  and  correlation  of  the  beam  data  and  theoretical 
analysis  of  the  effects  of  the  variables  affecting  deflection 
based  on  Burmister's  theory.  The  Benkelman  beam  data  were  ob¬ 
tained  from  tests  conducted  by  the  Alberta  Department  of  Highways. 

Results  from  the  studies  show  that  the  deflection  of  a 
pavement  surface,  measured  in  the  fall,  is  closely  related  to 
its  performance  rating  value,  and  that  it  constitutes  an  index 
of  the  ability  of  the  pavement  to  carry  loads  without  failure. 

In  conjunction  with  Burmister's  theoretical  analysis,  the  beam 
data  reflect  the  strength  properties  of  a  road  structure  and  are 
valuable  in  pavement  evaluation  and  construction  control.  Empirical 
equations  expressing  the  relations  between  the  variables  affecting 
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deflection  have  been  established.  Exponential  relationships  are 
found  between  the  ratio  of  the  modulii  of  the  reinforcing  layer  and 
of  the  subgrade  material,  and  pavement  thickness,  and  between  the 
deflection  and  the  pavement  thickness;  deflection  is  found  to  vary 
proportionally  with  pavement  temperature  in  the  temperature  range 
of  58  to  102°F.  The  applicability  of  the  equations  is  subject  to 
certain  limitations,  and  further  verification  with  more  field  data 
is  therefore  necessary. 
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CHAPTER  I 


INTRODUCTION 

Under  a  transient  or  a  static  load,  a  road  structure 
deflects.  The  deflection  mechanism  in  a  flexible  pavement  is  asso¬ 
ciated  with  elastic  and  plastic  deformations  which  greatly  affect 
the  permanence,  integrity,  and  stability  of  the  pavement  system. 

The  measurement  of  load-deflection  characteristics  has 
long  been  a  controversial  topic  because  of  variations  in  methods, 
procedures,  and  the  methods  of  interpretation  of  the  test  data. 

The  data  obtained  from  such  tests  are  dependent  on  the  structure 
as  a  whole,  the  portion  tested  and  the  nature  of  the  applied  load. 

This  being  so,  the  use  of  either  the  magnitude  of  the  applied  load 
or  the  allowable  deflection  value  in  taking  account  of  dynamic, 
vibrational  and  repeated  load  effects  and  other  controlling  conditions, 
is  mostly  based  on  the  correlations  of  the  load  test  data  with  tne 
performance  of  the  pavement  in  service.  In  the  widely  used  plate 
bearing  test  procedure,  the  applied  loads  are  commonly  either 
incremental,  incremental-repetitional,  accelerated,  or  repetitional  (71) 
with  various  unit  pressures  to  produce  deflections  of  o.l  to  o.5  inch 
(27,  24)  under  the  center  of  a  rigid  plate  resting  on  a  portion  of 
a  layered  system;  and  the  results  may  be  either  in  terms  of  modulus 

*  Numerals  in  parenthesis  refer  to  references  contained  in  the 
bibliography. 
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of  subgrade  reaction  or  modulus  of  deformation  of  the  material.  While 
the  inherent  physical  properties  of  the  pavement  material  in  the 
component  parts  have  an  important  influence  on  deflection,  the  allow¬ 
able  deflection  alone  under  a  load  system  affects  the  strength 
criterion. 

Deflection  measurements  under  vehicle  loadings  can  be 

obtained  by  various  methods  (18,  33,  39,  43,  54),  and  the  Benkelman 

Beam,  developed  in  1953  by  A.C.  Benkelman  of  the  Bureau  of  Public 

* 

Roads,  is  a  simple  lever  type  def lectometer .  The  beam  measures  the 

surface  deflection  under  a  loaded  vehicle  by  observing  the  relative 
movements  of  the  probe  beam  and  the  reference  beam  of  the  apparatus. 

The  CGRA**B enke lroan  Beam  Procedure  measures  mainly  the  elastic  portion 
of  the  total  deflection.  Essentialljr  elastic  behavior  exists  in  the 
subgrade  and  in  the  component  parts  of  the  layered  structure  of 
adequately  designed  pavements  as  reported  by  the  WASHO  Road  Tests  (46) . 
The  load  required  to  produce  a  given  amount  of  elastic  deflection  in¬ 
creases  as  the  thickness  of  the  layered  system  increases.  Elastic 
behavior  of  the  pavement  is  therefore  maintained  until  the  surface 
and  the  base  course  fail,  if  excessive  consolidation  and  lateral 
displacement  of  the  roadway  material  do  not  occur.  Thus,  the  elastic 
deflection  characteristic  of  the  pavement  is  the  controlling  factor. 

The  dual  wheel  load  of  9  kips  with  tire  pressure  of  80  psi 
in  the  CGRA  Benkelman  Beam  Procedure  (65,  69)  corresponds  to  a 
*  See  diagram  in  Appendix  II. 


**  Canadian  Good  Roads  Association. 
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circular  plate  of  about  12  inches  diameter  based  on  prototype 
loading  conditions.  Over  this  circular  area  the  tire  pressure  is 
assumed  to  be  uniformly  distributed. 

The  Benkelman  beam  data  investigated  in  this  dissertation 
were  obtained  from  tests  conducted  by  Alberta  Department  of  Highways. 
The  deflection  measurements  were  mainly  in  accordance  with  the 
procedure  specified  by  the  Special  Committee  on  Pavement  Design 
and  Evaluation  of  the  GGRA.  The  purpose  of  the  thesis  is  to  review 
the  significance  of  pavement  deflection  and  the  factors  affecting 
the  deflection  in  the  light  of  Burmister's  theoretical  approach, 
which  is  based  on  the  concept  of  a  multi- layer  elastic  system.  An 
attempt  is  made  to  correlate  the  available  Benkelman  beam  data  with 
the  theoretical  approach.  Considerations  are  not  given  to  stress 
distribution,  durability,  stability  and  other  problems  related  to 
the  design  or  evaluation  of  flexible  pavement  due  to  the  limited  scope 
of  this  thesis,  rather  than  to  an  underestimate  of  their  importance. 
Further  research  is  needed  in  the  development  of  the  application  of 


the  beam  data. 


CHAPTER  II 


LITERATURE  REVIEW 


While  the  stress-deflection  characteristics  of  rigid 
pavements  have  been  under  investigation  at  the  major  experimental 
concrete  pavements  since  1922  (in  Bates,  Pittsburgh,  Arlington, 
and  Maryland  (61)),  and  while  the  theoretical  analyses  have  been 
attempted  since  1925  (by  Westergaard  (2,  31),  Kelley,  Pickett  and 
others  (35)),  it  was  not  until  1928  that  intensive  investigations 
as  to  the  performance  of  flexible  pavements  in  California  were 
initiated  by  the  California  Division  of  Highways  (33).  The  investi¬ 
gations  indicated  significantly  that  the  elastic  and  plastic 
deformations  and  consolidation  of  the  pavement  materials  contributed 
to  the  distress  of  flexible  pavements  (33). 

On  the  test  roads  in  California  (33),  deflection  measure¬ 
ments  under  both  static  and  moving  wheel  loads  were  carried  out  by 
the  California  Division  of  Highways  and  the  Corps  of  Engineers  in 
an  effort  at  correlation  with  the  performance  of  the  pavements. 
Electric  gauges  for  the  measurement  of  deflection  were  employed. 
These  were  placed  on  the  surfaces  of  the  subgrade  and  of  the  pave¬ 
ment.  Pavement  deflections  under  moving  wheel  loads  (speed  about 
10  mph)  were  measured;  and  in  static  tests,  the  deflections  were 
observed  when  the  movement  of  the  surface  under  the  load  had 


apparently  ceased.  (The  time  was  found  to  vary  from  3  to  7  minutes 
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from  the  instant  of  application  of  the  load.)  Tests  (18)  showed 
that  the  effect  of  moving  wheel  loads  on  pavement  structures  was 
radically  different  from  that  of  static  loads.  With  sufficient 
load  repetitions  and  with  excessive  deflections,  serious  failures  in 
pavement  developed  rapidly,  while  several  million  load  repetitions 
were  required  to  cause  failure  when  deflections  were  limited  to 
0.02  or  0.03  inch  under  a  wheel  load  of  10  kips  (18).  For  airfield 
pavements,  because  of  the  lesser  number  of  repetitions,  deflections 
of  approximately  0.05  inch  were  permitted  in  pavements  of  good 
quality  and  high  flexibility.  The  allowable  deflection  under 
heavier  wheel  loads  could  be  slightly  larger  because  the  larger 
contact  areas  produced  flatter  deflection  curves  in  the  pavements 
(33).  Under  10-kip  wheel  loads,  some  plastic  flow  of  the  adobe 
clay  subgrade  was  observed  for  pavement  thicknesses  less  than  25 
inches,  and  it  was  believed  that  additional  traffic  would  cause 
progressive  plastic  deformation  resulting  in  grooving  and  ultimate 
failure  after  a  sufficient  number  of  load  repetitions  (33).  Thus, 
Porter  found  the  permissible  deflection  under  a  moving  wheel  load 
to  depend  on  the  flexibility  of  the  pavement,  the  type  of  deforma¬ 
tion,  the  radius  of  deflection  bowl,  and  the  number  of  load  repeti¬ 
tions  (18)  . 

Static  circular  plate  bearing  tests  were  also  conducted 
to  provide  a  basis  for  correlation  with  measurements  under  pneumatic 
wheel  loads  in  the  deflection  observations.  Generally,  the  bearing 
tests  with  footprint  areas  and  contact  pressures  corresponding  to 
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that  of  the  tires  used  resulted  in  lower  deflections  than  those 
obtained  from  the  static  wheel  loads.  It  was  believed  to  be  due 
to  the  difference  in  effect  between  plate  and  tire  loading.  Under 
tire  loads,  the  pavement  could  bend  throughout  the  loaded  area, 
whereas  with  rigid  plates  essentially  all  the  bending  of  pavement 
and  the  base  occurred  outside  the  loaded  area  (33). 

The  electric  gauge  equipment  to  determine  the  deflection 
of  a  pavement  under  service  conditions  (18)  consisted  principally 
of  an  electric  gauge  head  and  an  oscillograph.  The  gauge  head, 
mounted  in  a  pipe  coupling  with  a  reference  rod,  was  grouted  into 
a  pavement  at  a  point  where  deflection  measurement  was  desired. 

The  relative  movement  of  the  solenoid  coil  in  respect  to  the  iron 
plunger  in  the  gauge  head  was  reflected  on  the  oscillograph.  The 
maximum  deflection  which  could  be  recorded  and  the  accuracy  of  the 
measurement  depended  on  the  accessories  used.  Elastic  deflection 
up  to  0.1  inch  with  an  accuracy  of  0.001  inch  could  be  measured, 
or  a  maximum  deflection  of  0.01  inch  with  an  accuracy  of  0.0001  inch 
could  be  obtained  when  an  electronic  amplifier  was  used. 

In  1940,  Hubbard  and  Field  (13)  recognized  that  excessive 
deflection  of  a  pavement  surface  constituted  the  major  cause  of 
failure  of  a  road  structure,  and  proposed  an  empirical  method  of 
determining  pavement  thickness  required  to  carry  any  desired  unit 
load.  The  method  was  developed  from  load-deflection  tests  at  a 
given  rate  of  loading  up  to  0.5  inch  deflection  under  different  sizes 
of  bearing  plates  both  on  a  given  soil  and  on  a  combination  of  soil 
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and  different  thickness  of  pavements.  The  supporting  value  of  the 
material  was  taken  as  the  value  corresponding  to  a  loaded  area  of 
130  square  inches  and  to  a  deflection  of  0.5  inch  under  the  simple 
static  type  of  concentrated  loading.  A  plot  of  the  bearing  values 
at  various  pavement  thicknesses  could  be  prepared,  from  which  the 
thickness  of  pavement  required  for  any  given  unit  load  could  be 
obtained. 

During  1945  and  1946  an  evaluation  of  airport  runways  in 
Canada  was  conducted  by  the  Department  of  Transport  and  reported  on 
by  McLeod  (26,  30,  50).  Extensive  bearing  plate  tests  were  run  and 
the  loads  supported  on  30-and  12- inch  diameter  bearing  plates  at  10 
repetitions  causing  0.5  and  0.2  inch  total  deflections  were  proposed 
to  be  adopted  for  the  design  of  airfields  and  highway  pavements 
respectively.  The  use  of  these  limiting  deflections  was  considered 
to  be  the  most  reasonable,  because  the  critical  deflection  for  the 
subgrade  under  flexible  pavements  depended  on  the  thicknesses  and 
the  qualities  of  the  overlying  base  and  surface  courses,  and  on  the 
radius  of  curvature  of  the  deflection  curve  in  the  pavement  under 
wheel  loads.  These  deflection  values  were  also  considered  to  correlate 
best  with  the  actual  wheel  loads  of  unlimited  traffic  that  could  be 
supported  by  pavements  without  failure  in  each  case. 

Load-deflection  tests  using  different  sizes  of  bearing 
plate  on  representative  cohesive  subgrade  soils  and  surface  material 
enabled  plots  to  be  made  of  the  ratio  of  the  load  supported  at  one 
deflection  to  that  supported  at  another  deflection  for  bearing  plates 
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of  30  and  12  inches  diameter  against  perimeter-area  ratio  at  deflec¬ 
tions  ranging  from  0.05  to  0.7  inch.  These  plots  enabled  extra¬ 
polation  of  load-deflection  data  from  one  bearing  plate  size  to 
other  sizes  and  to  other  deflection  values  within  the  plotted  ranges. 

As  indicated  by  load-deflection  curves,  McLeod  found  that 
the  load  carrying  capacity  of  a  bituminous  surface  was  greater  than 
that  of  the  various  types  of  base  course  per  inch  of  thickness  and 
that  of  subgrade.  The  ratio  of  carrying  capacity  of  the  bituminous 
surface  to  that  of  the  base  course  was  found  to  vary  from  about  1.5 
for  those  made  with  liquid  asphalt  and  soft  asphalt  cement  to  about 
2.5  for  well  designed  and  properly  constructed  asphalt  concrete 
and  sheet  asphalt. 

Disregarding  the  actual  supporting  value  of  material,  a 
straight  line  relationship  on  a  semi-log  plot  of  numberof  repetitions 
of  a  given  load  against  deflection  indicated  the  effect  of  repeti¬ 
tion:  the  larger  the  number  of  repetitions,  the  larger  the  total 

deflection. 

The  WASHO  Road  Test  (40,  46)  considered  the  measurement 
of  elastic  deflection  of  a  pavement  surface  to  constitute  an  accept¬ 
able  index  of  its  ability  to  carry  loads  without  failure.  Deflection 
was  recognized  to  be  influenced  by  many  variables,  such  as  vehicle 
speed,  temperature  of  the  surface,  load,  moisture  content  of  the  top 
layers  of  basement  soil,  and  the  thickness  and  quality  of  the  pave¬ 
ment. 

Deflection  was  found  to  decrease  as  speed  increased  up 
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to  about  15  raph,  and  the  effect  of  speed  on  deflection  was  found  to 
be  pronounced  in  relatively  thin  pavements.  Vehicle  loads  were 
found  to  have  a  direct  influence  on  deflection,  which  increased  as 
loads  increased.  The  effect  of  temperature  on  deflection  was  found 
to  be  pronounced  up  to  approximately  70°F.  Moisture  content,  which 
affected  the  bearing  strength  of  a  subgrade,  was  found  to  influence 
the  deflection.  Close  correlation  was  found  between  moisture  near  the 
soil  surface  and  deflection,  especially  in  relatively  thin  pavements. 
As  reflected  in  deflection  values  and  structural  behavior  of  the 
surface,  the  pavement  with  thicker  surfacing  was  found  to  possess 
more  flexural  strength,  and  that  with  paved  shoulders  offered  better 
lateral  support. 

The  ability  of  a  pavement  to  withstand  repeated  loads 
was  found  to  depend  not  only  on  the  magnitude  of  the  deflection, 
but  also  on  the  radius  of  the  deflection  bowl;  the  stiffer  the 
structure,  the  less  the  deflection  and  the  larger  the  radius.  With 
relatively  small  deflections,  a  pavement  might  probably  withstand  a 
large  number  of  load  repetitions,  as  deflection  was  found  to  be 
approximately  proportional  to  the  logarithm  of  the  number  of  repeti¬ 
tions  of  load  required  to  cause  failure  of  a  road  surface.  Deflec¬ 
tions  measured  at  creep  speed  up  to  about  0.045  inch  in  warm  weather, 
and  0.030  inch  in  cold  weather  were  reported  as  not  associated  with 
structural  failure  of  a  road  surface  of  the  test  sections. 

Deflection  measurement  devices  employed  by  the  W&SHO 
R.oad  Test  included  electronic  gauges  and  the  original  and  the 
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modified  Benkelman  Beams.  The  electronic  gauge  consisted  of  a  linear 
variable  differential  transformer  (LVDT),  which  converted  mechanical 
movement  into  a  form  of  electrical  potential  to  record  the  deflec¬ 
tion.  Perforated  plates  were  installed  on  the  subgrade,  and  the 
surface  discs  consisted  of  the  transformer  holder  into  which  the 
LVDT  was  placed  prior  to  measurement  of  deflections.  Oscillator 
voltage  was  applied  to  the  LVDT  primary,  and  the  differential  secondary 
output  voltage  was  fed  to  the  first  stage  of  the  amplifier  through  a 
simple,  adjustable  attenuator  network.  The  elastic  deflections  both 
within  the  pavement  structure  and  at  the  surface  of  the  pavement 
could  thus  be  measured  in  a  recording  oscillographic  equipment. 

Because  of  the  tedious  process  involved  in  installing  each  time  when 
deflection  readings  were  taken,  and  because  of  difficulties  in  the 
linear  calibration,  linear  potentiometers  were  employed  with  minor 
modifications  of  the  mechanical  installation  in  place  of  the  differ¬ 
ential  transformer. 

The  Benkelman  beam  is  a  simple  lever  type  pavement- 
def lection  indicator  (39),  which  was  first  developed  in  1953  by 
A.G.  Benkelman  of  the  Bureau  of  Public  Roads.  It  consisted  essentially 
of  a  narrow  lever,  a  reference  beam,  and  a  dial  micrometer.  The 
narrow  lever  with  a  probe  resting  on  the  pavement  surface  was  pivoted 
at  the  end  of  the  reference  beam.  Movement  of  the  probe  beam  with 
respect  to  the  reference  beam  was  measured  by  the  dial  micrometer. 

Modifications  of  the  original  design  (43)  were  made  to 
improve  its  accuracy  and  to  simplify  its  operation.  The  major 
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modifications  included  suspension  of  the  probe  arm  below  the  datum 
beam  and  replacement  of  the  supports  with  a  shoe  and  an  adjustable 
rear  leg  to  improve  the  possibility  of  using  the  beam  on  rough  or 
undulating  pavement  surfaces* 

The  deflection  measurement  by  means  of  the  beam  (39,  43, 

65)  required  the  dial  readings  taken  when  the  probe  was  inserted  a 
distance  of  4  feet  5  inches  between  dual  tires  of  a  rear  wheel, 
when  the  rear  axle  was  directly  above  the  probe,  and  when  the  vehicle 
had  driven  away.  The  operation  gave  a  true  measurement  of  pavement 
deflection  if  the  legs  of  the  beam  were  outside  the  deflection  bowl. 
Apparent  deflections  were  measured  when  parts  of  the  beam  fell 
within  the  zone  of  significant  influence,  as  reflected  in  the 
recording  of  positive  or  negative  residual  deflection  depending  on 
the  degree  of  influence  exerted  on  the  legs  and  probe  of  the  beam 
by  the  deflection  pattern(65). 

Developments  and  applications  of  the  beam  have  been  made 
(64,  65,  66)  because  of  its  advantages  in  operation  and  cost.  The 
development  of  the  beam  was  necessitated  by  the  desire  to  correlate 
the  data  obtained  therefrom  with  results  obtained  from  other  devices 
and  to  evaluate  the  load-carrying  capacity  of  pavements  for  design 
and  construction  control  purposes. 

The  use  of  the  beam  in  conjunction  with  a  Ilelraer  Deflection 
Profile  Recorder  has  been  reported  (65,  66).  The  recorder  provided 
a  virtual  image  of  a  longitudinal  section  through  the  pavement  surface 
between  the  dual,  tires  at  the  instant  when  they  straddled  and  were 
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over  the  probe  point.  The  arrangement  of  the  arms  of  the  device 
enabled  obtaining  a  profile  with  a  magnification  of  10  times. 

In  Canada,  extensive  co-ordinated  pavement  evaluations 
on  existing  highways,  constructed  according  to  different  field 
practices  and  subjected  to  various  traffic  and  climatic  conditions, 
have  been  carried  out  since  1958.  Pavement  deflections  are  measured 
by  means  of  the  Benkelman  beam  in  accordance  with  the  procedure  specified 
by  the  Special  Committee  on  Pavement  Design  and  Evaluation  of  the 
Canadian  Good  Roads  Association  (65).  The  details  of  the  beam 
remain  the  same  as  that  used  in  the  WASHO  Road  test,  but  the  de¬ 
flection  measurements  are  taken  under  static  wheel  loads.  In  essence, 
the  CGRA  method  of  test  requires  the  deflections  to  be  recorded  when 
the  probe  is  between  the  dual  tires  and  when  the  loaded  vehicle  is 
driven  8  feet  10  inches  and  30  feet  away  from  the  probe;  the  read¬ 
ings  are  to  be  taken  when  the  rate  of  dial  movement  is  equal  to  or 
less  than  0.001  inch  per  minute.  The  deflections  thus  measured 
correspond  to  the  rebound  portion  of  the  deflection.  The  operation 
in  most  cases  eliminates  the  possible  interference  of  the  probe  and 
the  tire  walls  as  the  vehicle  is  moved  forward  during  the  test,  and 
minimizes  the  influence  of  the  deflection  pattern  on  the  parts  of 
the  def lectometer . 

Load-deflection  studies  at  creep  speed  were  conducted  co¬ 
operatively  by  the  Virgina  Department  of  Highways  and  the  Bureau  of 
Public  Roads  (44)  with  two-axle  truck  of  9-kip  wheel  load  equipped 
with  11  x  20  dual  tires.  The  deflection  of  the  entire  pavement  for 
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all  test  periods  as  measured  by  the  Benkelman  beam  was  0.032  inch 
average.  For  any  one  test  period  the  individual  deflection  value 
varied  considerably  between  sections  of  the  same  overall  thickness 
and  even  between  points  in  the  same  section,  the  average  range  of 
variation  in  the  former  being  about  0.025  inch,  and,  in  the  latter, 
about  0.015  inch. 

Structural  performance  of  flexible  pavements  in  service 
was  studied  by  means  of  load-deflection  tests  in  Maryland  (59). 

The  deflection  measurements  as  obtained  by  the  Benkelman  beam  under 
a  slowly  moving  wheel  load  of  11,200  lbs.  ranged  from  0.022  to  0.038 
inch  for  pavement  thicknesses  ranging  from  15  to  18  inches.  The 
seasonal  changes  in  deflection  were  found  to  be  quite  marked  and 
consistent  for  older  pavements  but  less  so  in  the  relatively  recent 
sections.  The  residual  value,  which  was  the  difference  between  the 
deflection  and  recovery  measurements,  generally  ranged  from  0  to 
0.015  inch,  approximately  15  to  25  per  cent  of  the  total  deflection, 
and  it  tended  to  vary  directly  as  the  deflection.  However,  very  few 
measurable  amounts  of  permanent  consolidation  in  the  wheel  paths  were 
found,  indicating  that  the  deflection  bowl  pattern  extended  beyond 
the  position  of  the  front  legs  of  the  reference  beam. 

The  magnitudes  of  deflections  of  a  pavement  of  constant 
design  were  found  to  vary  considerably  even  at  the  same  site  at 
different  points.  And  in  spite  of  the  comparatively  large  deflections 
at  some  test  sites  for  the  spring  test  series,  there  was  no  evidence 
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of  structural  distress  at  these  sites.  No  correlation  between  pave¬ 
ment  deflection  with  the  type  and  nature  of  the  subgrade  soil  was 
found. 

Hveem  (48)  in  his  analytical  work  showed  that  the  primary 
factors  affecting  the  elastic  deflections  of  pavements  were  traffic 
load,  resilience  of  underlying  material,  and  the  stiffness  of  the 
pavement  structure.  He  found  that  for  slow  moving  vehicles,  the 
deflection  exhibited  a  linear  relationship  to  the  load  applied.  While 
deflections  under  static  loads  were  found  to  be  always  greater  than 
the  corresponding  values  under  moving  loads,  the  moving  wheel  load 
caused  a  sharp  reversal  of  stress  from  compression  to  tension  in 
every  portion  of  the  pavement  in  the  wheel  path.  Pavement  distresses 
are  thus  found  to  be  due  to  the  compression  and  rebound  in  the  upper 
layers  of  the  road  structure  as  resulted  from  sharper  bending  and 
greater  induced  stress  in  the  pavement  slab.  Consequently,  the 
surface  deflection  characteristic  is  found  to  be  significant  and  to 
be  capable  of  ready  correlation  with  the  performance  of  the  surface  . 

The  deflections  were  found  to  be  much  smaller  in  pavements 
with  thick  gravel  or  compacted  well-graded  bases,  just  as  in  the  case 
of  a  pavement  with  high  slab  strength.  The  large  deflections  of 
cracked  pavements  were  ascribed  to  loss  of  continuity  and  of  slab 
strength. 

It  was  recognized  that,  as  the  failure  of  a  pavement  was 
a  fatigue  phenomenon  and  that  cracking  was  the  result  of  both  the 
magnitude  of  bending  and  the  number  of  repetitions,  it  was  difficult 
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to  specify  a  deflection  value  which  an  individual  pavement  could  with¬ 
stand  under  different  traffic  characteristics  and  climatic  environ¬ 
ments.  However,  in  correlation  with  deflections  measured  at  a  wide 
variety  of  pavement  types  and  conditions,  allowable  deflection  of 
0.05  inch  for  surface  treatments  and  0.012  inch  for  8  inches  plant- 
mix  surface  under  15-kip  axle  loads  were  suggested. 

Work  done  at  Purdue  (53)  included  a  series  of  strength 
tests  on  bituminous  mixtures  to  obtain  information  on  load-deformation 
characteristics  of  the  material  under  various  conditions  of  loading 
and  temperature.  The  elastic  deformations  due  to  repeated  loads  were 
found  to  be  independent  of  the  number  of  repetitions,  while  the 
permanent  deformation  for  each  load  cycle  exhibited  a  decrease  to  a 
minimum  point  and  then  increased  sharply  leading  to  iailure  of  the 
test  specimen.  The  permanent  deformation  varied  with  the  logarithm 
of  the  number  of  load  repetitions,  with  straight  line  relationship 
up  to  a  certain  stage,  beyond  which  the  curve  became  abruptly  steeper, 
indicating  a  rapid  increase  in  the  rate  of  deformation  with  increas¬ 
ing  number  of  repetitions  of  load.  The  transition  zone  was  found  to 
be  dependent  on  the  magnitude  of  the  applied  stress.  At  a  stress 
level  approximately  equal  to  25  per  cent  of  the  maximum  compressive 
stress  under  given  conditions,  termed  as  the  endurance  limit,  there 
occurred  very  little  increased  permanent  deformation  upon  load 
repetition.  The  endurance  limit  was  affected  by  the  rate  of  deform¬ 
ation  and,  especially,  by  temperature,  and  consequently  the  deflection 
characteristic  of  an  asphalt  mixture  should  also  be  affected  by  the 
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temperature,  by  the  rate  of  applied  load,  and  by  the  number  of  load 
repetitions . 

To  investigate  the  relationship  between  deflection,  load 
repetition,  and  performance  at  various  temperature,  Monismith  (60) 
used  a  spring  base  of  specific  stiffness  to  simulate  the  relative 
rigidity  of  the  base-subgrade  combination  in  an  actual  pavement 
structure.  The  deflected  shape  of  an  asphaltic  beam  on  a  specified 
spring  base  was  found  to  vary  with  the  magnitude  of  the  applied  load 
and  with  the  number  of  load  repetitions  at  a  given  temperature;  the 
larger  the  load,  the  greater  the  deflection  value;  and,  at  a  given 
load,  the  greater  the  number  of  repetitions,  the  larger  the 
deflection  measured.  The  effect  of  repeated  flexing  on  the  strength 
of  the  beam  as  measured  by  its  modulus  of  rupture  became  pronounced 
when  the  number  of  repetitions  was  increased,  as  reflected  in  the 
decreased  modulus  of  rupture  and  increased  deflection  of  the  beam. 
While  there  was  little  effect  of  asphalt  content  in  the  mixture  on 
deflection,  the  beam  of  open  graded  mixture  deflected  more  than  one 
of  dense  graded  mixture  under  the  same  load,  and  thus  the  load 
distribution  characteristics  and  the  magnitude  of  repeated  deflection 
for  a  given  base-subgrade  combination  and  load  were  different  in  the 
two  types  of  mixture.  Increase  in  strength  accompanied  by  an 
increased  rigidity  under  dynamic  loading  with  less  deflection  value 
was  found  for  the  specimen  tested  at  40°F .  as  compared  to  the  specimen 
tested  at  75°F.  This  phenomenon  was  believed  to  be  partly  due  to 


change  in  viscosity  of  the  asphalt  as  the  temperature  changed. 
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Like  VJestergaard  ( 2 ,  3,  9,  31),  Burmister  (20,  62),  and 
Palmer  and  Barber  (12),  Baker  (67,  70)  and  Chandrangsu  in  Ohio 
State  University  utilized  stiffness  ratios  of  asphaltic  beams  and 
the  supports  as  a  fundamental  factor  in  the  investigation  of  the 
characteristics  of  asphaltic  mixtures.  The . stiffness  ratio  was 
varied  by  employing  asphaltic  beams  on  leaves  of  different  stiff¬ 
nesses.  Changing  the  span  of  the  beam  and  of  the  steel  leaf  according 
to  the  desired  deflection  simulated  the  action  of  a  subgrade  behaving 
elastically  beneath  a  flexible  pavement.  Static  and  dynamic  load 
tests  on  cylindrical  specimens  as  well  as  on  beams  proved  that  the 
modulus  of  elasticity  in  compression  was  a  function  of  temperature 
and  rate  of  deformation,  and  consequently  the  deflection  was  affected 
by  these  variables.  At  high  rates  of  loading,  the  modulus  tended  to 
become  a  function  of  temperature  only.  Deflection  was  found  to  vary 
linearly  with  applied  load,  and,  at  a  given  load,  the  deflection 
decreased  with  increase  in  modulus  of  subgrade  x'eaction.  The  linear 
function  between  logarithm  of  deflection  and  logarithm  of  load 
repetitions  required  to  produce  failure  cf  a  specimen  indicated  that 
the  quality  of  pavement  was  one  of  the  variables.  This  was  in 
agreement  with  the  findings  of  Hveem  (48).  The  tests  also  showed 
that  for  any  given  deflection,  a  shallow  beam  withstood  more  load 
repetitions  than  a  deeper  one  and  that  for  both  beams  to  withstand 
the  same  number  of  repetitions  the  deflection  of  the  lighter  beam 
was  larger  than  that  of  the  deeper  one.  At  equal  deflection,  the 
deeper  beam  was  actually  subjected  to  a  higher  bending  stress.  Thus 
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it  was  pointed  out  that  the  stress  and  not  the  maximum  deflection, 
controlled  the  performance  of  beams  of  different  thicknesses. 

From  the  foregoing  review  of  the  literature,  our  present 
knowledge  of  the  deflection  mechanism  of  pavements  may  be  summarized 
as  follows: 

The  deflection  mechanism  in  a  flexible  pavement  is 
associated  with  elastic  and  plastic  deformations.  With  sufficient 
load  repetitions  and  with  excessive  deflections,  serious  failure 
in  pavement  develops  rapidly.  The  deflection  of  a  pavement  is 
influenced  by  the  traffic  load  and  the  strength  properties  of  the 
materials  in  the  component  parts  of  the  pavement.  The  deflection 
characteristics  of  various  types  of  pavement  under  different  traffic 
and  climatic  conditions  govern  the  allowable  deflection  that  the 
pavement  can  withstand  without  failure.  These  include  the  flexi¬ 
bility  of  the  pavement,  the  type  of  deformation,  the  radius  of 
deflection  bowl,  and  the  number  of  load  repetitions. 

In  the  evaluation  of  the  strength  properties  of  the 
materials,  expressed  in  terms  of  modulii  of  elasticity,  it  is  found 
that  the  modulii  values  are  dependent  on  temperature,  rate  of  loadings, 
and  the  number  of  test  load  repetitions,  and  thus  these  variables, 
in  turn,  affect  the  deflection.  The  relative  effects  of  the  above 
variables  on  deflection  are  summarized  as  follows: 

1.  Deflection  is  found  to  vary  linearly  with  applied  load,  and  at 
a  given  load,  the  larger  the  number  of  load  repetitions,  the  larger 
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2.  elastic  deformation  due  to  repeated  loads  is  found  to  be 
independent  of  the  number  of  repetitions  but  the  permanent  deforma¬ 
tion  is  found  to  vary  depending  on  the  magnitude  of  the  applied  stress; 

3.  modulus  value  is  found  to  increase  with  increasing  rate  of  loading 
and  with  decreasing  temperature,  and  at  high  rates  of  loading,  the 
modulus  tends  to  become  a  function  of  temperature  only. 

Electronic  gauge  and  Benkelman  Beam  are  the  two  devices 
mentioned  in  the  measurement  of  pavement  deflection.  The  basic 
function  of  the  gauge  is  to  convert  the  mechanical  movement  into  a 
form  of  electrical  potential  so  as  to  record  the  pavement  deflection. 
The  beam  is  a  simple  lever  type  def lectometer  which  measures  the 
surface  deflection  under  a  loaded  vehicle  by  observing  the  relative 
movements  of  the  probe  beam  and  the  reference  beam  of  the  apparatus. 

The  loaded  vehicle  may  be  in  static  or  slowly  moving  condition 
depending  on  the  deflection  test  procedure,  as  the  CGRA  or  WASHO. 

The  CGRA  procedure  normally  measures  the  elastic  portion  of  the 
total  deflection  of  a  pavement. 
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CHAPTER  III 


THEORY 

PAVEMENT  DEFLECTION  CONCEPTS 

The  findings  from  the  Stockton  test  road  show  that  the 
deflection  is  99.9  per  cent  elastic  (32),  and  the  results  from  the 
WASIIO  Road  test  (46)  substantiate  the  elastic  deflection  behavior 
of  the  pavement  for  a  transient  and  single  application  of  wheel  load 
on  the  mature  pavements.  To  this  extent,  the  use  of  the  theory  of 
elasticity  is  a  rational  approach  in  the  solution  of  problems  concerned 
with  flexible  pavement.  With  regard  to  time-dependent  or  repeated 
wheel  load  effects  the  quasi-elastic  character  of  the  pavement 
material  may  still  be  analyzed  by  this  theory  if  proper  deformation 
constants  are  utilized  (16).  Burmister  (20,  62)  contributes  to  the 
development  of  such  an  approach  through  his  layered  system  analysis. 

Variables  Involved  in  the  Determination  of  Deflection 

It  has  long  been  recognized  that  the  strain  in  an  elastic 
material  is  proportional  to  the  stress.  Boussinesq's  solution  for 
the  elastic  strain  due  to  induced  triaxial  stresses  under  the  center 


*  In  a  truly  elastic  material,  there  exists  a  constant  ratio 
between  the  applied  stress  and  the  induced  strain;  if  this 
ratio  is  not  a  constant  but  varies  continuously  over  the  entire 
range  of  stress,  the  material  is  classified  as  inelastic. 
However,  if  the  ratio  has  an  approximately  constant  value  over 
a  small  but  definite  range  of  stress  values,  the  material  is 
said  to  be  quasi-elastic  and  is  considered  as  having  essentially 
elastic  behavior  over  this  range  of  stress. 
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of  a  loaded  plate  indicates  that  the  deformation  is  dependent 
on  Poisson's  ratio,  the  modulus  of  elasticity,  the  applied  unit 
pressure  on  the  plate,  the  radius  of  the  plate,  and  the  depth- 


1* 


radius  ratio  .  Westergaard  (2,  3,  9,  31)  employs  a  modulus  of 

subgrade  reaction  in  the  solution  of  the  problems  of  stress  and 

deflection  at  the  surface  of  a  structural  slab.  The  deflection 

under  the  center  of  a  load  at  the  interior  of  a  slab  is  affected 

by  the  modulus  of  subgrade  reaction,  radius  of  relative  stiffness, 

and  the  ratio  of  the  radius  of  the  plate  to  the  radius  of  relative 

stiffness  .  Burmister's  layered  system  includes  two  parameters: 

the  radio  of  the  radius  of  bearing  area  to  the  thickness  of  the 
r 


upper  layer,  -,  and  the  ratio  of  the  modulus  of  the  subgrade  to 

e2 

that  of  the  upper  layer,  — .  These  two  ratios  together  with  the 

E1 

rigidity  of  the  supporting  subgrade  define  the  deflection  at  the 
surface  of  the  system  directly  under  the  center  of  a  load  on  a 


circular  plate 


Deflection  Analysis  --  Westergaard 

Following  Winkler's  theory  of  "beam  on  elastic  foundation", 
Westergaard  assumes  that  a  slab  is  continuously  supported  by  a  sub¬ 
grade  of  known  strength.  The  subgrade  strength  is  defined  as  the 
ratio  of  the  unit  reaction  at  any  point  in  the  tire  contact  area  to 
the  resultant  defection  at  that  point.  On  the  assumption  that  the 
slab  is  supported  by  a  dense  liquid,  this  value,  known  as  the  modulus 


*  See  Plate  la  at  the  end  of  this  chapter. 
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of  subgrade  reaction,  is  constant  .  Consequently,  there  is  no 
shearing  stress  in  the  subgrade.  For  actual  subgrade  material, 
the  shearing  resistance  alters  the  theoretically  assumed  pheno¬ 
menon  of  the  uniform  distribution  noted  for  a  dense  liquid,  and 
the  maximum  deflection  occurs  at  the  center  of  the  loaded  area  with 
the  magnitudes  decreasing  towards  the  edges  of  the  area. 

According  to  the  assumed  elastic  medium  on  which  the 
elastic  beam  is  resting,  the  equation  of  the  deflection  curve  of 
the  beam  due  to  a  "uniform'5  unit  pressure  reaction  is  derived."** 

The  term  El  in  the  equation  is  anologous  to  the  flexural  rigidity 
of  a  plate  (5),  and  this  flexural  rigidity  is  a  function  of  the 
modulus  of  elasticity,  Poisson's  ratio,  and  the  thickness  of  the 
plate.  In  the  application  to  the  analysis  of  stresses  and  deflec¬ 
tion  of  a  slab,  recognizing  that  the  resistance  to  deformation  de¬ 
pends  on  the  stiffness  of  the  supporting  medium  and  on  the  flexural 

stiffness  of  the  slab,  Westergaard  adopts  a  ‘"'radius  of  relative 

6* 

stiffness"  '  to  measure  the  stiffness  of  the  slab  relative  to  that 
of  the  subgrade.  It  is  seen  that  the  radius  of  relative  stiffness 
has  lineal  dimension,  that  it  depends  on  the  properties  of  both  the 
slab  and  subgrade:  the  stiffer  the  slab  and  the  less  stiff  the 
subgrade,  the  greater  is  the  radius  of  relative  stiffness. 

Since  the  subgrade  does  not  behave  as  a  dense  liquid, 
the  modulus  of  subgrade  reaction  is  not  a  constant  and,  for  the 
same  unit  pressure  on  a  plate  it  varies  with  the  size  of  the  loaded 


*See  Plate  lb  at  the  end  of  this  chapter. 
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area,  the  thickness,  and  the  properties  of  the  subgrade  soil,  as 

well  as  with  the  amount  of  deflection.  It  is  taken  as  the  slope 

of  the  stress-deformation  curve  over  the  first  0.05  inch  deflection 

(21,  28,  56).  This  curve  is  normally  obtained  by  loading  a  steel 

plate  of  30  inches  diameter  in  the  field.  Investigators  (22,  56,  63) 

show  that  the  ' k '  value  does  not  vary  appreciably  with  the  diameter 

of  the  plate  for  plate  diameters  above  30  inches.  The  0.05  inch 

deflection  is  assumed  to  be  within  the  elastic  range  of  the  subgrade 

soil  although  this  amount  of  settlement  can  be  outside  the  elastic 

range  of  many  soils.  The  'k'  value  can  also  be  estimated  from 

laboratory  tests  with  the  modulus  of  elasticity  of  the  material 

determined  by  triaxial  compression  tests  and  from  Timoshenko’s 
8* 

expression  (5,  7)  for  the  surface  deflection  of  an  elastic  solid 
when  loaded  with  a  rigid  circular  disc. 

Deflection  Analysis  --  Burmister 

Based  on  the  equations  of  elasticity  for  the  three- 
dimensional  problem  of  axial  symmetry,  Burmister  (20)  has  de¬ 
veloped  a  mathematical  solution  for  the  deflection  of  a  pavement 
considering  a  total  load  uniformly  distributed  over  a  circular  area 
on  the  surface  of  a  layer  of  elastic  material,  which  in  turn  rests 
on  a  semi-infinite  elastic  body.  To  satisfy  the  equilibrium  and 
compatibility  conditions,  Burmister' s  stresses  and  deflection 
equations  are  based  on  certain  essential  assumptions  regarding 
boundary  and  continuity  conditions  as  shown  in  Figure  1. 


*See  Plate  lb  at  the  end  of  this  chapter. 
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Note  s  There  is  a  discontinuity  in  across  the  interface  because 
with  displacements^,  ~/At  the  stresses  ox,  and  <5X,  will  be 
deterioined  by  the  tRodulil  Ej  and  E?s  respectively,  of  the 
two  layers . 


Figure  l  Boundary  &  Continuity  Conditions  of  Stress 
and  D isplacemeot  For  A  Two-Layer  System 
(From  Ref.  20) 


1.  The  material  in  each  layer  is  homogeneous,  isotropic,  and 
elastic; 

2.  The  surface  layer  is  weightless  and  infinite  in  extent  in  the 
horizontal  direction  only but  the  underlying  layer  is  infinite 
in  extent  horizontally  and  vertically  downward; 

3.  The  surface  layer  is  free  of  normal  and 'shearing  stresses 
outside  the  limits  of  the  loaded  area.  The  stresses  and 
displacements  in  the  subgrade  are  each  equal  to  zero  at 
infinite  depth:  and 

4.  The  materials  are  fully  continuous  with  no  relative  movement 
at  the  interface,  and  there  is  no  shear  stress  acting  across 
the  interface  in  the  case  that  it  is  frictionless. 

According  to  Burmister,  the  load-settlement  characteris¬ 
tics  of  a  layered  system  are  influenced  by  the  ratio  of  the  radius 
of  bearing  area  to  the  thickness  of  the  surface  layer,  the  ratio  of 
the  modulus  of  deformation  of  the  subgrade  to  that  of  the  surface 
layer,  and  the  rigidity  of  the  supporting  subgrade  itself.  Based 
on  the  above-mentioned  assumptions  and  variables  involved,  the 
deflection  at  the  surface  of  a  two- layer  system  directly  under  the 
center  of  a  load  applied  uniformly  through  a  circular  bearing  area 
was  given  by  Burmister  as: 

•a  a  1.5  pr  p 

e2  w 


The  above  formula  is  simply  the  Boussinesq's  settlement  equation  with 
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a  multiplying  coefficient  F__,  a  function  of  r  and  . 

w  n  r- 1 

coefficient  has  two  outer  limits.  With  an  extremely  thick  surface 

Eo  r 

layer,  the  coefficient  numerically  equals  ,  as  approaches  zero. 

'  1  h 

In  this  case  the  deflection  is  only  governed  by  the  rigidity  of 
the  surface  layer,  as 


^  =  E5  pr 

E1 

r 

At  the  other  limit,  the  coefficient  becomes  equal  to  unity,  as  - 
approaches  infinity  resulting  from  either  a  large  value  of  1  r1  or  a 
very  small  1  h'„  In  this  case,  the  settlement  equation  is  practically 
the  same  as  Boussinesq' s ,  Thus,  Fw  describes  the  load-deflection 
responses  of  a  two-layer  system.  While  the  1  r  in  the  ^  ratio  is  a 
measure  of  the  concentration  of  the  load  which  affects  the  stress 
and  deflection,  the  'h'  influences  the  bending  moment  and  stress 
intensity  and  thus  affects  the  magnitude  of  deflection  and  the 
shape  of  a  deflection  curve. 

Figure  2  discloses  the  implicit  dependence  of  the  settle¬ 
ment  coefficient  for  surface  deflections  on  the  basic  layered 

tl 

system  parameters.  For  a  constant  -,  deflection  decreases  as 

stiffness  ratio  of  the  layered  system  increases,  as  indicated  by  a 

decreasing  value  of  the  coefficient.  For  a  constant  'r',  increase 

of  the  thickness  of  the  system  from  some  minimum  value  toward  a 

h 

value  corresponding  to  j  =  1.0  or  greater  results  in  decrease  of 
deflection,  but  the  effect  of  increasing  in  thickness  on  deflection 
becomes  less  pronounced. 
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Figure  2 
(From  Ref.  62) 
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To  understand  the  essential  nature  of  the  mechanics  and 
effectiveness  of  the  layered  system,  an  analysis  of  the  stress  distri¬ 
bution  and  the  deflection  at  the  surface  and  layer  interfaces  are 
necessary. 

Vertical  stresses  -  The  distribution  of  vertical 

stresses  is  greatly  influenced  by  the  surface  layer  which  ordinarily 

has  better  strength  properties  than  the  subgrade.  With  a  surface 

material  having  a  modulus  100  times  that  of  the  subgrade,  the 

vertical  stress  under  the  center  of  a  circular  plate  for  the  two- 

layer  system  at  the  base-subgrade  interface  is  about  10  per  cent  of 

the  applied  pressure,  while  that  based  on  Boussinesq,  with  the  same 

modulus  of  elasticity  in  both  base  and  subgrade  materials,  is  about 

70  per  cent  (62) .  The  stress  gradients  at  or  near  the  interface 

are  vastly  different  in  both  analysis,  although  these  stress  gradients 

approach  a  common  level  at  great  depth  (62).  The  above  analysis  is 

based  on  the  ratio  of  radius  of  the  loaded  area  to  the  thickness  of 

the  reinforcing  layer  equal  to  unity.  As  the  ratio  increases,  the 

effectiveness  of  the  layered  system  in  reducing  stresses  imposed 

on  the  subgrade  layer  is  decreased,  but  at  a  less  rapid  rate  for  the 

E1 

larger  strength  ratio,  qr?>  •  The  above  discussions  are  illustrated 
in  Figures  3a  and  3b. 

Shearing  stresses  -  Due  to  the  vertical  stress  gradient 

and  to  the  continuity  at  the  interfaces,  the  shearing  stresses 
induced  in  the  interface  region  of  a  layered  system  are  important 
and  critical,  compared  to  those  evaluated  by  Boussinesq' s  equation 
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a)  Basic  Pattern  of  Two-Layer  Vertical  Street  Influence  Curvet 
(  /f,  v*  */r  1  ,or  r/ h  ‘  LO  Qnd  '  °  5 


a 


b)  Basic  pattern  of  two-layer  vertical  stress  curvet 
(<r  t/p  vs  |r  /  )  at  the  interface  -  i  •  h 

Figure  <2.  Effectiveness  of  two-layer  systems  in  reducing  vertical 
stresses  imposed  on  the  subgrade  layer;  Burraister  problem;  Fox  stress  in¬ 
fluence  coefficients  (Ref.  3). 


Figure  3a  &  3b 
(From  Ref.  62) 
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at  the  same  depth  in  a  homogeneous  deposit,  as  disclosed  in  Figure 
4.  At  the  interface  of  a  layered  system,  the  induced  shearing 
stresses  are  more  than  four  times  that  in  a  homogeneous  deposit  at 
the  same  depth,  and  they  are  equal  in  magnitude  to  the  vertical 
stresses  in  the  first  case  but  are  only  17.5  per  cent  of  the  vertical 
stresses  in  the  second  case. 

Deflection  -  The  stiffness  of  the  surface  layer  and 

the  continuity  characteristic,  which  enables  the  system  to  sustain 
relatively  high  shearing  stresses  at  the  interface,  results  in  a 
large  decrease  in  deflection  in  the  system.  The  stiffness  can  be 
achieved  by  employing  good  quality  materials  having  better  strength 
properties  or  by  thickening  the  layers.  Since  the  effect  of 
thickening  becomes  less  pronounced  as  the  thickness  of  the  layer 
is  increased,  more  marked  and  effective  improvement  can  be  achieved 
by  using  a  material  having  better  strength  properties  and  by  attaining 
a  full  continuity  in  the  layer  interfaces  through  construction 
procedures  (20).  The  desired  effect  is  one  of  reducing  the  magnitude 
of  deflection  to  such  a  value  under  design  wheel  loadings  that  the 
shearing  stresses  induced  in  the  interfaces  are  well  below  critical 
values  and  that  the  accumulated  inelastic  shearing  strains  do  not 
affect  the  performance  of  the  pavement  during  the  expected  life  of 
the  pavement. 

Extension  of  Bur-mister' s  analysis  has  been  carried  out 
by  Southwell,  Fox,  Wilson  and  Williams  (34).  Burmister  evaluated 
the  WASHO  Road  test  results  by  the  layered  system  and  concluded  that 
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Figure  3-  Evaluation  of  vertical  stress  arid  shearing  stress  conditions 
at  the  aaphalt-base  course  interface  for  a  three -layer  system  with  regard 
to  reui'.ive  magnitudes  and  distribution  on  the  interface,  .and  to  the  po¬ 
tential  critical  conditions  in  comparison  with  the  Boussinesq  , stresses 
for  a  homogeneous  system;  Burmister  problem  (Ref.  4). 


Figure  Jh 
(From  Ref.  62) 


32 


the  correlation  between  the  field  measurements  and  the  theoretical 
analysis  was  good. 

In  the  study  of  the  materials  presented  above,  the  assump¬ 
tion  made  by  Westergaard  that  the  reactions  of  the  subgrade  are 
vertical  only  and  are  proportional  to  the  deflection  of  the  slab 
is  found  to  be  open  to  criticism.  This  assumption  implies  that 
soil  has  no  shearing  resistance,  and  the  slab,  considered  to  rest 
on  a  series  of  independent  closely- spaced  springs,  receives  full 
support  from  the  subgrade.  These  apparent  weaknesses  of  the  assump¬ 
tion  lead  to  the  belief  that  Burmister's  approach  may  have  more 
realistic  value  for  the  analysis  of  the  deflection  characteristics 
of  flexible  pavements.  The  following  theoretical  analysis  in  this 
thesis  is  thus  based  on  Burmister’s  theory. 
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PROPERTIES  OF  PAVEMENT  COMPONENTS  RELATE  TO  INFLECTION 


The  load-carrying  capacity  of  a  flexible  pavement  is  brought 
about  by  the  load-distributing  characteristics  of  the  layered  system 
consisting  of  a  subgrade,  a  base,  course,  and  a  wearing  surface.  The 
component  parts  are  inter-dependent  and  the  characteristics  of  each 
affect  the  deflection  characteristics  of  the  structure. 

Subgrade 

The  subgrade,  normally  constructed  from  the  natural  soil, 
is  the  foundation  upon  which  the  pavement  rests.  Because  the  sub¬ 
grade  supports  transmitted  wheel  load  (6,  50,  62)  and  has  more 
influence  than  any  other  variable  on  flexible  pavement  thickness 
requirements  (68),  the  different  behaviourin  deflection  under 
different  types  of  vehicle  loads  is  important.  A  pavement  may  be 
considered  to  have  failed  when  the  permanent  deflection  of  the  under¬ 
lying  soil  is  of  such  a  magnitude  as  to  cause  serious  ruttings  or 
cracks  in  the  surface.  Elastic  deflection,  however,  may  cause 
fatigue  failure  in  the  surface  due  to  compression  and  rebound  by  the 
passing  wheel  loads,  even  though  there  occurs  little  plastic  deflection 
in  the  subgrade  (45) .  Repeated  loading  due  to  moving  vehicles  causes 
a  subgrade  soil  to  deflect  more  than  a  sustained  loading  from  a  static 
wheel  load  of  equal  magnitude  (47).  However,  different  soils  under 
repeated  load  have  different  deflection  characteristics,  as  reflected 
in  the  magnitudes  of  elastic  and  plastic  deflections.  Some  soils 
having  low  resistance  to  plastic  deformation  may  also  exhibit  high 
elastic  deflections  and  some  soils  may  exhibit  extremely  small  plastic 
deflections  and  yet  have  high  elastic  deflections  (49).  For  clays  of 
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low  to  medium  plasticity,  density  changes  would  have  a  great  effect 
on  total  deflection,  while  having  only  a  small  effect  on  the  elastic 
deflection . 

The  resilience  of  a  subgrade  soil  depends  on  the  basic 
physical  properties  such  as  cohesion,  internal  friction,  and  volume 
change  of  the  soil  due  to  changes  in  environments  (63) .  The 
following  is  a  general  discussion  of  each  of  these  factors  as  re¬ 
lated  to  the  deflection  characteristics  of  the  subgrade. 

1.  Cohesion  and  Internal  Friction 

The  strength  of  a  soil  to  resist  deformation  is  derived 
from  the  combined  effect  of  cohesion  and  internal  friction,  which  are 
functions  of  the  properties  of  the  individual  soil  grains,  the  density, 
the  imposed  restraint,  and  of  the  moisture  content.  Soil  particles 
vary  in  hardness,  shape,  angularity,  and  surface  behaviour;  and  the 
density  depends  on  the  shape  and  gradation  of  the  particles  as  well  as 
the  moisture  content  at  a  given  compaction.  The  moisture  content 
influences  to  a  great  extent  the  supporting  value  of  a  cohesive  material 
but  has  only  a  negligible  effect  on  a  cohesionless  soil;  the  supporting 
value  of  a  cohesive  material  is  almost  entirely  due  to  cohesion  which  is 
attributed  to  electrostatic  forces  of  attraction  between  particles  at 
their  boundaries  of  contact  with  each  other.  Moisture  plays  interrelated 
roles:  it  supplies  apparent  cohesion  through  surface  tension  phenomenon 

and,  at  the  same  time,  lubrication,  depending  on  the  thickness  of  the 
absorbed  water  films  surrounding  the  individual  grains.  Therefore  the 
strength  of  a  subgrade  not  only  depends  on  the  soil  type  but  also  on 
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the  field  conditons  under  which  it  exists.  A  high  subgrade  support 
is  attained  from  either  high  cohesion  or  high  internal  friction,  or 
both.  Clays  with  stiff  consistency  give  high  cohesion;  well  graded 
aggregates  produce  high  internal  friction;  and  well  graded  aggregates 
with  a  proper  binder  result  in  a  desirable  subgrade, 

2 .  Volume  Change 

Swelling  and  shrinkage  often  occur  in  a  compacted  subgrade 
before  or  after  the  pavement  is  laid.  The  amount  of  volume  change 
depends  on  the  degree  of  consolidation,  the  moisture  content  employed 
in  compaction,  and  especially  on  the  structure  of  the  subgrade  soil. 
Most  clays  have  a  complex  network  of  scale-like  particles,  and 
consist  of  chemically  hydrated  alumina-silicates ,  which  are  formed 
during  the  leaching  processes.  The  surfaces  of  these  scale-like 
particles  carry  negative  electric  charges  which  affect  the  arrangement 
of  the  bi-polar  molecules  in  a  liquid  like  water.  The  intensity  of 
the  charge  depends  to  a  large  extent  on  the  nature  of  the  adsorption 
complex  and  the  mineral  character  of  the  soil  particles,  V7hich  are 
responsible  for  the  properties  such  as  plastic  yield,  compressibility, 
elasticity,  swelling  and  shrinkage. 

Water  molecules  can  be  associated  with  the  surfaces  of  soil 
particles  and  with  the  interstices  or  capillaries  between  particles. 
Variation  in  the  former  is  a  physico-chemical  change,  and  the  action 
of  the  latter  is  a  physical  one  caused  by  surface  tension,  forces  having 
the  character  of  an  externally  applied  force.  Swelling  is  associated 
with  hydration  of  particles.  The  adsorbed  water-films  grow  during  the 
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wetting  of  a  clay.  This  growth  of  water-films  results  in  an  increase 
in  the  total  volume  of  the  soil  structure  and  therefore  in  swelling 
of  the  subgrade,  causing  a  reduction  in  bearing  capacity' of  the  road 
structure,  as  reflected  in  large  magnitude  of  deflection. 

Shrinkage  is  caused  by  loss  of  moisture  in  the  soil.  This 
depends  on  the  action  of  capillary  forces  as  a  result  of  the  reduction 
of  moisture  content,  and  on  the  resistance  furnished  by  the  soil 
particles  being  consolidated.  The  theory  of  shrinkage  explains  the 
phenomenon:  when  a  soil  is  completely  saturated,  the  contractive 
force  exerted  by  the  surface  tension  of  water  is  practically  zero. 

As  the  soil  moisture  is  decreased,  the  capillary  tension  on  the  outer 
surface  of  the  sample  exerts  an  allround  compressive  force  on  the  soil 
particles,  causing  a  contraction  of  the  soil  until  the  soil  attains 
such  a  volume  that  the  resistance  of  the  soil  to  further  reduction  in 
volume  just  equals  the  capillar}^  pressure  exerted  by  the  evaporating 
moisture  (4).  Shrinkage  in  the  subgrade  will  result  in  differential 
vertical  movement  and  cause  permanent  deformation  in  the  roadway. 

Base  Course 

The  basic  functions  of  a  base  course  are  to  provide  a  s tress - 
distributing  medium  to  transmit  the  wheel  load  stresses  to  the  subgrade 
without  being  subjected  to  shearing  stresses  greater  than  it  can 
withstand  itself,  and  to  control  the  magnitude  of  distortion  due  to 
volume  change  in  the  subgrade.  These  basic  properties  are  influenced 
by  the  gradation,  particle  shape,  and  relative  density  of  the  material. 
In  an  aggregate  which  contains  little  or  relatively  low  percentage  of 
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fines,  the  mechanical  interlocking  and  the  relatively  rigid  structural 
framework  contribute  to  the  stability  of  the  mixture.  The  density  and 
the  frost  susceptibility  of  the  soil  depend  on  the  presence  and  quality 
of  the  fines.  In  a  material  which  contains  a  great  amount  of  fines  and 
has  no  grain- to-grain  contact  of  the  coarse  aggregates,  the  gross  mixture 
possesses  no  structural  framework;  hence,  the  stability  depends  on  the 
grading  as  well  as  plasticity  which  is  a  function  of  moisture  content  and 
the  surface-chemical  properties  of  the  fines.  Depending  on  the  magnitude 
of  imposed  strain  by  vehicle  load,  this  component  part  of  a  road  structure 
possesses  elastic  properties  to  resist  deformation.  If  the  imposed 
strain  is  excessive  due  to  single  or  repeated  application  of  vehicle 
load,  plastic  deformation  may  result. 

Bituminous  Surface 

An  asphalt  mix  is  composed  of  two  essential  parts,  asphalt  and 
aggregate.  The  load-carrying  capacity  is  dependent  mainly  on  the  mineral 
aggregate  which  constitutes  the  entire  framework  and  the  major  portion 
of  the  absolute  volume  of  the  mix.  The  function  of  the  bituminous 
binder  is  to  coat  the  aggregate  with  an  adhesive  ductile  film  of  bitumen 
to  attain  sufficient  mechanical  stability,  resiliency  and  flexibility  so 
as  to  resist  disruptive  forces.  Thus,  structurally  the  deflection  of  a 
pavement  depends  on  both  constituents  and  on  the  characteristics  of  the 
mixture.  Because  of  the  rheological*  and  thermoplastic**  properties 
of  a  bituminous  binder,  the  properties  related  to  the  deflection 
characteristics  of  a  road  mix  vary  with  time  of  loading 

*  Refers  to  the  flow  and  deformation  properties  of  matter. 

**  A  material  is  said  to  be  thermoplastic  if  it  becomes  more  plastic 
with  increasing  temperature. 
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and  temperature.  These  physical  properties  are  discussed  below: 

1.  Internal  Friction  -  Particle  shape,  surface  texture,  and  grading. 

These  physical  properties  of  aggregates  govern  the  internal 
friction,  the  mechanical  arrangement,  and  interlocking  of  the 
individual  particles  of  the  mass.  The  surface  texture  influences 
the  aggregate  strength  in  an  asphaltic  paving  mixture  (68).  For 
two  mixtures  with  the  same  film  thickness  and  a  given  contact  pressure, 
the  one  with  irregular  surfaced  aggregate  will  develop  greater 
frictional  resistance  and  probably  deflect  less  under  loads.  The 
particle  shape  and  gradation  influence  the  behaviour  of  a  paving 
mixture  during  placing,  compaction,  and  under  service.  In  a  dense- 
graded  mixture,  the  coarse  aggregate  contributes  to  stability  but  the 
use  of  a  relatively  large  proportion  of  it  generally  produces  very  high 
voids  in  the  total  system.  The  quantity  and  characteristics  of  fine 
aggregate  and  mineral  filler  control  the  percentage  of  voids  in  the 
total  aggregate  and  affect  the  stability  and  the  amount  of  bitumen 
which  can  be  incorporated  in  the  mixture.  An  open-graded  mixture  exhibits 
a  better  flexibility  characteristic,  because  asphalt  in  the  mixture 
would  exist  in  thicker  films  even  though  smaller  quantities  of  asphalt 
are  used.  However,  it  creates  problem  in  selecting  aggregates  to 
insure  adequate  resistance  to  deformation  under  load.  Durability  is 
also  a  problem,  because  the  open-graded,  mixture  is  more  susceptible  to 
weathering  (60) . 

2.  Cohesion 


Cohesion  in  a  bituminous  mixture  contributes  to  paving 
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stability,  and  the  cohesive  force  is  attributed  to  high  viscosity 
of  the  asphalt  present  in  the  mixture.  As  associated  with  the  effective 
thickness  of  asphalt  film,  the  viscous  resistance  increases  with 
decrease  in  film  thickness  to  some  optimum  value  which  varies  depending 
on  types  of  asphalt  (52) .  While  thick  films  result  in  increased 
durability,  they  cause  instability  of  a  roadway  in  the  form  of  waves 
and  ruts  by  shoving  due  to  the  action  of  traffic  in  warm  seasons.  On 
the  other  hand,  thin  films  may  produce  brittle  mixtures  which  tend  to 
crack  and  ravel  excessively,  and  thereby  shorten  the  life  of  a  pavement. 
It  is  thought  (53)  that  the  elastic  rebound  takes  place  principally  in 
the  asphalt  films  while  the  permanent  shear  deformation  is  attributed 
to  the  reorientation  of  aggregate  particles  when  the  asphalt  film  has 
been  reduced  to  critical  thickness.  Thus  the  asphalt  film  thickness 
controls  the  deflection  characteristic  of  a  paving  mixture. 

Viscous  resistance  of  a  given  asphalt  film  varies  directly 
with  the  rate  of  deformation  and  inversely  with  the  temperature.  It 
has  been  shown  (60,  68)  that  the  asphalt  develops  a  correspondingly 
larger  resistance  to  shearing  deformation  as  the  rate  of  load 
application  is  increased.  Under  static  or  low  rates  of  loading, 
asphalt  develops  little  shearing  resistance  and  thus  contributes  little 
to  the  stability,  resulting  in  plastic  flow  of  the  mixture.  Under 
rapidly  applied  loads,  considerable  shear  strength  is  developed. 

Similarly  the  tensile  and  compressive  strength  of  the  asphalt  material 
increase  with  increasing  rate  of  deformation,  and  increase  with 

decreasing  temperature  (41) ,  as  reflected  in  a  smaller  magnitude  of 
deflection  under  a  given  wheel  load. 
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In  the  temperature  range  of  40  -  275°F,  the  semi- logarithmic 
plot  of  viscosity  of  bitumen  against  temperature  is  found  to  be  linear 
(60).  Due  to  the  effect  of  temperature  on  viscosity,  a  paving  mixture 
of  high  temperature  susceptibility*  gives  smaller  deflections  at  rela¬ 
tive  low  temperatures,  but  it  gives  larger  deflections  at  high  temper¬ 
ature  as  compared  with  less  susceptible  material  of  the  same  hardness 
at  the  same  temperature.  The  degree  to  which  an  asphalt  softens 
excessively  or  becomes  brittle  over  a  range  of  temperature  encountered 
is  often  responsible  for  pavement  distress.  The  combination  of  exces¬ 
sive  hardening  at  low  temperature  and  lower  subgrade  support  during 
spring  thawing  may  result  in  pavement  failure,  because  flexural  stresses 
of  high  magnitude  are  induced  in  the  asphalt  surface  as  a  result  of  a 
sharp  deflection  curve  in  the  pavement  under  vehicle  loads. 

The  variation  of  consistency  of  asphalt  with  time  is  of  im¬ 
portance  and  is  related  to  the  durability  of  the  asphalt.  In  general, 
the  degrees  to  which  an  asphalt  hardens  in  service  is  a  function  of  the 
quality  of  the  asphalt,  of  the  mix  design,  and  of  the  construction  pro¬ 
cedures.  Age-hardening  (55,  57)  is  the  result  of  oxidation,  volatiliza¬ 
tion,  action  of  light,  action  of  water,  and  of  chemical  changes  occurring 
internally  with  time.  These  effects  cause  a  reduction  of  resins  and  a 
relative  increase  in  asphaltenes,  with  the  non-polar  oils  in  the  colloidal 
system  remaining  substantially  constant.  This  physical  change  in 
molecular  sizes  causes  a  loss  of  hydrogen  due  to  the  formation 


*  Refers  to  the  property  by  virtue  of  which  the  consistency  of  an 
asphalt  is  affected  by  temperature. 
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of  water,  which  affects  the  adhesion  of  asphalt.  It  also  causes  an 
increase  in  the  consistency  of  the  asphalt  which  results  in  a  reduction 
of  the  ability  to  absorb  the  energy  of  imposed  stresses  by  the  process 
of  deformation. 

Summarising,  we  find  that  Westergaard' s  and  Bannister' s 
solutions  for  stresses  and  deflection  of  a  pavement  are  based  on  the 
assumption  that  the  materials  are  elastic  to  a  certain  extent.  The 
basic  difference  between  the  two  solutions  lies  in  the  assumed  character 
of  the  supporting  medium.  Westergaard  assumes  that  the  subgrade 
behaves  like  a  dense  liquid  and  so  the  shearing  strength  of  the  subgrade 
material  is  neglected;  consequently,  there  can  be  no  shearing  stresses 
at  the  pavement-subgrade  interface.  On  the  other  hand,  Burmister 
assumes  that  the  component  parts  of  a  pavement  structure  are  fully 
continuous  at  the  interfaces;  thus,  the  deflection  at  any  point  is 
not  necessarily  proportional  to  the  stress  at  that  point,  but  is  affected 
by  the  pattern  of  stress  distribution  as  a  whole. 

The  stiffness  ratios  employed  by  both  solutions  have  different 
physical  forms  and  different  magnitudes  because  the  difference  in 
vertical  stress  distribution  under  a  rigid  and  a  flexible  slab  affects 
the  bending  moments,  stresses,  and  the  deflections  of  the  surface. 

According  to  Burmister' s  analysis,  the  deflection  of  a  pave¬ 
ment  under  wheel  loads  is  influenced  by  the  following  variables  : 

(i)  pressure  intensity, 

(ii)  radius  of  contact  area, 

(iii)  subgrade  modulus. 
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(iv)  stiffness  ratio,  and 

(v)  radius  of  loaded  area  -  pavement  thickness  ratio. 

Deflection  is  also  influenced  by  the  properties  of  the 
component  materials  and  the  controlling  conditions  of  service.  The 
strength  of  a  soil  to  resist  deformation  is  derived  from  the  combined 
effect  of  cohesion  and  internal  friction  which  are  functions  of  the 
properties  of  the  individual  soil  grains,  the  density  and  the  imposed 
restraint.  These,  in  turn,  are  dependent  on  gradation  and  the  moisture 
content  of  the  soil. 

The  bituminous  binder  in  the  form  of  an  adhesive  ductile 
film  coating  the  aggregates  contributes  to  durability,  stability  and 
flexibility  of  a  road  structure.  These  properties  are  dependent  on 
the  relative  film  thickness,  the  properties  of  the  bitumen,  and  the 
amount  of  compaction  during  construction.  Temperature  and  rate  of 
loading  affect  the  strength  of  an  asphaltic  material;  age  hardening 
of  asphalt  affects  the  durability  of  the  pavement. 
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deflection 

unit  load  on  the  circular  plate 
radius  of  the  plate 
modulus  of  elasticity 
depth  from  surface 
Poisson’s  ratio 
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deflect  lorn  ©■£  the  slab  at  the  center  of  the  load 
total  pressure 

modulus  of  sub grade  reaction 

radius  of  a  circle  ever  the  area  of  which  P  is 

assumed  to  be  distributed  uniformly 

radius  of  relative  stiffness 
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deflection 

unit  load  on  circular  plate 
radius  of  plate 

modulus  of  elasticity  of  lower  layer 
dimension less  factor  depending  on  the  ratio  of 
moduli  of  elasticity  of  the  subgrade  and  pavement 
as  well  as  the  depth  to  radius  ratio 
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THEORETICAL  ANALYSIS  OF  EFFECTS  OF  VARIABLES 

AFFECTING  DEFLECTION  EASED  ON  BURMISTER'S  THEORY 
To  guide  to  interpret  and  to  correlate  the  Eenkelman  beam  data 
presented  in  the  following  chapter,  theoretical  analysis  of  the  effects 
of  variables  affecting  deflection  in  the  pavement  is  carried  out  in  the 
following  sections. 

THICKNESS  AND  STIFFNESS  PATIO  OF  THE  LAYERS 

Based  on  Burmister 1 s  analysis,  deflection,  as  stated,  is  influ¬ 
enced  by  the  pressure  intensity,  the  radius  of  contact  area,  the  sub¬ 
grade  modulus,  the  stiffness  ratio  of  the  layered  system,  and  the  degree 
of  concentration  of  the  applied  load  which  is  expressed  in  terms  of 
loaded  area  radius-pavement  thickness  ratio.  Because  the  tire  pressure 
is  commonly  assumed  without  significant  error  to  be  distributed  over  a 
circular  area  having  a  radius  equal  to  that  of  an  equivalent  circular 
area  of  contact  (63),  the  first  two  of  the  above-mentioned  factors  are 
constants  depending  on  deflection-measurement  procedure.  The  remaining 
variables  determing  the  deflection  are  the  stiffness  ratio  of  the  layer, 
the  strength  of  the  subgrade,  and  the  thickness  of  the  road  structure. 
Stiffness  can  be  achieved  by  employing  materials  having  good  strength 
properties  or  by  thickening  the  layers.  The  former  is  indicated  by 
the  large  magnitudes  of  the  modulii  of  subgrade  and  the  reinforcing 
layer  materials.  The  modulus  value,  defined  as  the  ratio  of  the  unit 
stress  to  the  corresponding  unit  strain  for  any  value  of  stress  below 
the  proportional  elastic  limit  (63),  are  determined  by  plate  bearing 
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tests  on  top  of  the  appropriate  layers  (20,  56,  63).  In  the 
evaluation  of  the  modulii,  Burmister  considers  the  combination 
of  the  surfacing  and  the  base  as  the  top  layer  and  the  subgrade 
as  the  bottom  layer  in  his  two  layered  system  (56)  .  The  unit 
load  supported  on  a  30  inch  diameter  plate  causing  a  total 
deflection  of  0.2  inch  is  suggested  for  the  modulii  evaluation 
(20,  56,  63) .  The  equation  shown  in  Figure  2  with  the  ex¬ 
ception  that  the  constant  is  equal  to  1.18  for  the  rigid  bearing 
plate  is  used.  For  the  computation  of  the  modulus  of  elasticity 
of  the  subgrade,  the  settlement  coefficient,  Fw  in  the 

equation  is  equal  to  unity  because  the  test  is  carried  out  on 
the  subgrade.  For  the  determination  of  the  modulus  of  elasticity 
of  the  top  layer,  E1 ,  the  plate  bearing  test  on  the  layer  of 
known  thickness  is  made  in  the  same  manner  as  that  on  the  sub¬ 
grade,  and  the  settlement  coefficient  is  computed  from  the 
equation.  After  obtaining  the  value  of  the  coefficient,  the 
modulus  ratio  of  the  materials  is  found  from  the  influence  curve 
shown  in  Figure  2,  and  thus  the  value  of  Ej_  is  computed  (20,  38, 
63). 


The  suggested  limiting  deflection  of  0.2  inch  is  only  an 
arbitrary  value  and  it  might  have  to  be  changed  in  the  light  of 
experience  as  pointed  out  by  Burmister  (56) .  In  the  evaluation 
of  the  WASHO  Road  test  (62),  Burmister  indicates  that  the 
evaluation  of  the  modulii  of  the  pavement  materials  requires 
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pressure-deflection  data  on  different  sizes  of  bearing  plates  and 
the  data  should  be  representative  of  and  comparable  to  the 
probable  actual  imposed  stresses  in  service  of  the  pavement 
layers.  Therefore  it  seems  that  the  number  of  load  repetition, 
the  magnitude  of  unit  load  and  the  limiting  deflection  under  a 
bearing  plate  for  the  evaluation  of  modulus  values  of  a  pavement 
are  dependent  on  the  characteristics  of  the  pavement  materials. 

As  shown  in  Plate  1,  the  assumed  values  of  the  modulus  of 

deformation  of  the  subgrade  range  from  2,000  to  4,000  psi,  which 

correspond  approximately  to  modulii  of  subgrade  reaction  of  113 

to  226  pci  from  k-E2  (56,  70)  or  to  California  Bearing  Ratio  of  3.4 
11. 8r 

to  14.5  per  cent  from  the  curve  showing  the  relationship  between  CBR 
and  k  by  Middebrooke  and  Bertram  (17)  respectively.  The  values 
represent  relatively  weak  to  strong  subgrade  soils  of  inorganic 
clays  of  low  to  medium  plasticity  (35),  which  are  the  predominent 
subgrade  material  underlying  the  pavements  studied  in  this 
dissertation.  The  plots,  which  are  in  accordance  with  the  basic 
two  layer  settlement  equation  and  with  the  influence  curves  as 
shown  in  Figure  2,  indicate  the  effect  of  the  modulii  and  the 
pavement  thicknesses  on  deflection.  The  deflection  decreases  as 
the  thickness  of  the  pavement  increases,  and  the  rate  of  decrease 
is  influenced  by  the  stiffness  ratio,  the  stiffness  of  the  sub¬ 
grade,  and  the  thickness  of  the  structures.  With  relatively 
thin  pavements,  regardless  of  the  modulii,  the  effect  of  increas- 
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EFFECT  OF  rilODULU$  OF  DEF OR MAtTI ON 
OF  PAVEMENT  MATERIAL  AND  PAVEMENT 
THICKNESS  OM  ’C  EFLE CTI ON 

[data  from  table  i] 


TIRE  PRESSURE,  R 


80  psi 


RADI  US  OF  CONTACT  AREA,  r  =c  S  INtHES 
E|  AND  E2  ARE  MODujH.ll  of  DEFORMATION 
OF  SUpGRADE  AND  PA|VEMENT  MATERIAL 


ing  pavement  thicknesses  on  deflection  is  pronounced,  as  reflected 
in  a  rapid  reduction  in  deflection  values;  however,  the  effect 
of  the  thickening  becomes  less  pronounced  as  the  thickness  of 
the  layer  is  increased.  Curve  A  indicates  that  increasing  the 
thickness  from  9  inches  to  10  inches  results  in  a  reduction  of 
deflection  from  0.0958  inch  to  approximately  0.0886  inch,  and 
that  increasing  from  23  inches  to  24  inches  results  in  a 
reduction  of  deflection  from  0.0468  inch  to  0.0461  inch,  about 
8  per  cent  versus  1.6  per  cent  decrease  in  deflection.  Because 
of  the  influence  of  different  moduli!  of  the  pavement  materials, 
the  relative  effect  of  thickening  on  deflection  is  different, 
as  shown  by  the  different  slopes  of  the  deflection  curves.  It 
is  to  be  noted  that  curve  B  intersects  curve  G. 

At  a  given  thickness,  the  change  in  stiffness  ratio  due 
to  a  change  in  modulus  of  the  pavement  or  the  subgrade  affects 
the  deflection.  Curves  A,  B,  and  C  show  that  the  deflection  of 
a  pavement  having  a  15-inch  thickness  decreases  from  0.0630  inch 
to  0.0496  inch  and  0.0475  inch  as  a  result  of  increasing  the 
modulus  of  the  pavement  surface  from  60,000  to  100,000  psi  and 
of  increasing  the  subgrade  modulus  from  2,000  to  3,000  psi  res¬ 
pectively.  Changing  both  the  subgrade  and  the  pavement  moduli! 
but  maintaining  a  constant  stiffness  ratio  will  also  affect  the 
deflection,  which  is  shown  by  curves  A  and  D.  Thus,  for  example, 
the  deflection  of  a  15- inch  pavement  is  found  to  decrease  from 


0.063  inch  to  0.0306  inch  (a  reduction  of  51.4  per  cent)  when  the 
individual  modulii  of  the  subgrade  and  of  the  pavement  are  doubled 
at  unaltered  value  of  the  stiffness  ratio.  The  family  of  curves 
in  Plate  2  gives  a  clearer  picture  concerning  the  above  explana¬ 
tion.  For  a  constant  pavement  thickness  of  15  inches  and  at  a 
constant  stiffness  ratio,  increasing  the  subgrade  modulus 
results  in  decrease  in  deflection,  but  the  effect  of  increasing 
the  subgrade  modulus  is  decreasing.  Increasing  the  stiffness 
ratio,  on  the  other  hand,  also  results  in  decrease  in  deflection, 
and  this  effect  is  much  pronounced  with  relatively  thin  pavements. 
It  is  noted  by  comparison  of  the  change  in  elopes  of  the  curves 
at  stiffness  ratios  of  from  5  to  10,  and  from  95  to  100. 

For  the  purpose  of  further  analysis  of  the  effect  of 
change  in  absolute  values  of  bearing  moduluii  and  their  ratios 
with  respect  to  the  required  pavement  thickness  based  on  a 
limiting  deflection  criterion  (1,  18,  24,  48),  Plate  3  has  been 
constructed.  The  assumed  deflection  value  of  0.05  inch  is  only 
an  arbitrary  value  for  the  purpose  of  this  analysis.  It  is  seen 
that,  at  constant  or  E2  a  change  in  their  ratio  results  in 
changing  the  required  pavement  thickness,  and  that  at  a  constant 
ratio,  change  in  the  modulii  also  affects  the  thickness.  To 
meet  the  design  criterion  of  limiting  deflection,  the  curves 
indicate  that  there  are  two  choices  in  stiffening  the  pavement: 
to  employ  materials  having  high  strength  properties  or  to  thicken 
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MODULUS  OF  REINFORCING  LAYER, 


the  pavement.  An  attempt  has  been  made  to  set  up  empirical 
equations  to  express  the  relationship  of  the  stiffness  ratios 
and  the  required  pavement  thicknesses  based  on  constant  sub¬ 
grade  strengths  and  an  assumed  limiting  deflection  value.  In 
doing  so,  modulii  in  the  range  of  the  strength  of  clays  of  low 

to  medium  plasticity  have  been  adopted:  2,000,  3,000,  and  4,000 

psi  (17,  56,  70,  35) .  The  result  of  the  analysis  based  on 
method  of  least  squares*  gives  the  following  empirical  equations 

£i  = - i -  (A) 

E2  0.00271  h  -  0.0197 

=  1  (B) 

E2  0.00546  h  -  0.0278 

=  _ _ ._j _ _ _ _  (c) 

E2  0.00798  h  -  0.0202 

in  which  ’h'  denotes  the  total  pavement  thickness.  The  above 
equations  are  based  on  the  assumed  subgrade  modulii  of  2,000, 
3,000,  and  4,000  psi  respectively.  Equation  (A)  is  valid  for 
pavement  thicknesses  ranging  from  13  to  25  inches,  and  for  the 
strength  property  of  the  combination  of  the  asphaltic  surface  and 
the  base  of  approximately  20  to  60  times  that  of  the  subgrade 
assumed.  Equations  (B)  and  (C)  are  valid  for  pavement  thick¬ 
nesses  ranging  from  9  to  24  inches  and  for  the  strength  property 
of  the  combination  of  the  asphaltic  surface  and  the  base  of  10 
to  50  times  and  6  to  20  times  that  of  the  subgrades  assumed 
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see  Appendix  IV 
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respectively.  The  above  modulii  for  the  combination  of  the  sur¬ 
facing  and  the  base  so  determined  are  found  to  be  from  40,000 
to  120,000  psi;  from  30,000  to  150,000  psi;  and  from  24,000  to 
80,000  psi  for  the  assumed  subgrade  modulii  of  2,000,  3,000,  and 
4,000  respectively  in  the  pavement  thickness  ranges  stated.  Not 
all  the  above  values  are  found  to  fall  within  the  modulus  range 
obtained  by  Burmister  on  the  WASHG  Test  road,  which  range  from 
40,000  to  160,000  psi.  This  is  because  the  field  conditions 
from  which  the  modulii  have  been  obtained  are  different  from  the 
assumed  conditions  based  on  which  the  empirical  equations  are 
derived.  The  combined  thickness  of  the  surfacing  and  base  in 
the  WASHO  test  road  is  underlain  by  various  thicknesses  of 
sub-base  having  an  average  modulus  value  of  17,100  psi,  and  the 
sub-base,  in  turn,  is  underlain  by  a  24- inch  compacted  subgrade 
having  an  average  subgrade  modulus  of  6,400  psi.  The  use  of  an 
arbitrary  deflection  of  0.05  inch  in  the  derivation  of  the 
equations  also  affects  the  values  of  modulii  computed  from  the 
equations.  It  is  seen  from  the  equations  and  from  the  curves 
in  Plate  4  that  large  reductions  in  thicknesses  are  permissible 
when  employing  materials  having  better  strength  properties, 
assuming  the  compaction  is  adequate  in  each  case. 

Temperature 


As  asphaltic  material  is  thermoplastic,  its  modulus  of  de- 
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formation  is  dependent  on  temperature  at  a  constant  time  of 
loading,  and,  consequently  the  change  in  temperature  affects 
the  deflection  of  a  pavement.  To  analyze  this  effect.  Plates 
5  to  9  inclusive  were  made.  In  the  preparation  of  these  plates, 
various  subgrade  modulii  were  assumed  and  the  modulii  of  deform¬ 
ation  of  asphaltic  materials  at  various  temperatures  obtained 
by  Nijboer  (41)  and  Papazian  and  Baker  (67)  were  utilized. 

Because  of  difference  in  test  procedures  on  different  asphaltic 
materials,  the  modulii  of  deformation  so  obtained  by  the 
investigators*  were  different.  However,  this  indicates  that  the 
strength  evaluation  of  material  is  influenced  by  the  test  pro¬ 
cedures  and  the  interpretation  of  the  results.  In  this  analysis, 
the  modulus  values  obtained  by  each  investigator  are  treated 
separately,  and  the  result  of  the  analysis  is  considered  to  be 
on  a  qualitative  rather  than  quantitive  basis  in  showing  the 
effect  of  temperature  on  deflection  due  to  change  in  modulus 
values  as  temperature  changes. 

*  Ranges  of  modulii  of  asphaltic  materials: 

Nijboer  14,000  to  260,000  psi 

Papazian  and  Baker  3,400  to  18,000  psi 
Ranges  of  modulii  for  the  combination  of  surfacing  and  base 
obtained  by  Burmister  on  WASHO  test  road: 


40,000  to  160,000  psi 
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Plates  5  and  7  show  the  change  in  deflections  brought  about 
by  changes  in  the  raodulii  of  deformation  of  the  asphaltic  materials 
of  various  thicknesses  as  a  result  of  change  in  temperatures  with 
a  constant  subgrade  modulus  which  is  considered  independent  of 
surface  temperature.  The  computation  of  the  deflection  is  based 
on  Burmister's  deflection  equation  noted.  It  is  seen  that  the 
deflection  increases  as  the  temperature  increases  for  a  given 
thickness  of  the  material.  The  vertical  distances  between  two 
curves  at  various  pavement  thicknesses  indicate  that  the  effect 
of  temperature  on  deflection  is  more  pronounced  in  the  pavement 
having  thick  asphaltic  surfacing.  This  is  in  agreement  with  the 
findings  of  the  WASHO  road  test  (46) . 

The  rate  of  increase  in  deflection  due  to  increase  in 
temperature  is  not  only  dependent  on  the  thickness  of  the  surface 
but  also  on  the  temperature  range.  The  relative  rate  of  increase 
in  deflection  within  a  temperature  ranges  of  14  to  68°  F  and  40 
to  140°  F  is  shown  by  the  slopes  of  the  temperature-deflection 
curves  in  Plates  6,  8,  and  9.  From  the  curves  in  Plate  9 ,  it 
is  seen  that  the  relative  effect  of  temperature  on  deflection  is 
decreasing  as  the  temperature  is  increasing.  For  the  2- inch 
bituminous  surface,  increasing  the  temperature  from  40  to  75°  F 
causes  an  increase  in  deflection  from  0.364  inch  to  0.386  inch, 
while  increasing  the  temperature  from  105  to  140°  F,  the  increase 
in  deflection  is  approximately  from  0.405  inch  to  0.415  inch  (or 
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6.1  per  cent  against  2.5  per  cent).  Based  on  the  curves  in 
Plate  9,  the  effect  of  temperature  on  deflection  seems  pro¬ 
nounced  up  to  approximately  100°  F  for  the  2-  and  4-  inch 
bituminous  surfaces,  which  are  the  common  thicknesses  employed 
in  highway  pavements. 

From  the  curves  in  Plates  6  and  9,  it  is  seen  that  the 
temperature-deflection  curves  based  on  the  modulus-temperature 
relationships  furnished  by  Nijboer  (41)  are  not  identical  with 
those  based  on  similar  data  furnished  by  Papazian  and  Baker  (67) . 
With  a  temperature  change  from  41  to  68°  F,  the  increase  in  de¬ 
flection  for  the  2-inch  asphaltic  material  is  14.4  per  cent  in 
the  former  against  7.1  per  cent  in  the  latter,  and  for  the  4- 
inch  material,  41.4  versus  15.4  per  cent.  The  corresponding 
magnitudes  of  deflection  as  listed  in  Tables  5  and  7  are  also  not 
comparable.  The  reason  may  be  attributed  to  the  different  pro¬ 
cedures  of  compression  test  used  by  the  investigators  and  to 
the  different  rates  of  loading  employed.  A  time  of  loading  of 
100  seconds  and  a  rate  of  deformation  of  0.005  inch  per  minute 
were  taken  from  Nijboer  and  Papazian  and  Baker's  E-rate  of  loading 
curves  respectively.  No  correlation  between  these  two  different 
rates  of  loading  can  be  made  so  as  to  compare  the  modulus  values 
on  the  same  basis.  The  modulus  values  so  adopted  for  the  analysis 
are  yet,  the  best  available  data  at  hand. 
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Tire  Pressure  and  Contact  Area 


Deflection  is  a  function  of  both  tire  pressure  and 
contact  area.  At  a  constant  load,  the  contact  area  varies  in¬ 
versely  with  the  tire  pressure.  The  effect  of  increase  in  contact 
area  due  to  lower  tire  pressures  results  in  a  greater  radius  of  a 
deflection  curve  in  a  pavement;  however,  this  effect  is  reported 
(23)  to  have  little  significance  for  tire  pressures  ranging  from 
50  to  90  psi. 

In  the  CGPsA  deflection-measurement  procedure,  standard 
vehicle  load  and  tire  pressure  are  specified,  and  thus  the  con¬ 
tact  area  is  constant.  The  effect  of  variation  of  tire  pressure 
on  deflection  as  shown  in  Plate  10  is  therefore  only  for  the  pur¬ 
pose  of  analysis,  because  large  variation  in  tire  pressure  during 
the  deflection  measurement  is  not  anticipated.  The  curves  in 
the  plate  show  that  a  variation  of  +  5  psi  from  the  standard  tire 
pressure  of  80  psi  causes  little  change  in  deflection.  For  a 
15-inch  pavement,  such  a  variation  causes  only  a  change  in  de¬ 
flection  by  about  2  per  cent.  Approximately  the  same  variation 
is  found  for  other  pavements  thicknesses. 
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CONCLUSIONS 


From  the  theoretical  analysis,  the  following  conclusions  may 

be  drawn: 

1.  Surface  deflection  is  influenced  by  the  thickness  of  a  pavement 
and  the  relative  stiffness  of  the  materials  in  the  component  parts  at 
constant  traffic  conditions. 

2.  It  is  possible  to  reduce  pavement  deflections  by: 

(i)  increasing  the  degree  of  compaction  of  the  component  parts 
of  the  pavement  within  a  certain  range  to  assure  a  full 
continuity  in  the  layer  interfaces; 

(ii)  using  materials  with  superior  load-distribution  properties  to 
increase  the  relative  stiffness  of  the  pavement  component; 
and/or 

(iii)  increasing  the  over-all  pavement  thickness  to  decrease  the 
effect  of  concentration  of  the  applied  load. 

3.  Based  on  an  arbitrary  allowable  deflection  value  of  0.05  inch  and 

on  different  subgrade  modulii,  the  relationship  between  the  stiffness 

ratio  and  the  pavement  thickness  required  may  be  expressed  by  empirical 

equations  of  the  form: 

El  =  1 

E2  A  h  -  E 

The  values  of  the  constants  in  the  equation  are  dependent  on  the  assumed 
subgrade  modulii  which  constitute  the  applicability  of  the  equation  for 
various  pavement  thickness  and  modulus  ratio  ranges.  Most  of  the  modulii 
so  computed  by  the  equations  fall  within  the  modulus  range  obtained  by 
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Burmister  on  the  WASHO  test  road. 

4.  Based  on  the  limited  information,  deflection  is  found  to  increase 
as  temperature  increases,  and  the  effect  of  temperature  on  deflection  is 
found  to  be  more  pronounced  on  pavements  having  thick  asphaltic  surfaces. 
An  increase  of  temperature  from  40  to  100°  F  results  an  increase  in 
deflection  of  10.4  per  cent  and  34.3  per  cent  for  the  2-  and  the  4-inch 
bituminous  surface  respectively,  and  the  effect  of  temperature  on 
deflection  seems  to  be  pronounced  up  to  a  temperature  of  approximately 
100°  F, 

5,  The  effect  of  a  tire  pressure  change  of  ±5  psi  from  a  standard 
tire  pressure  of  80  psi  causes  only  about  2  per  cent  variation  in 
deflection  for  the  assumed  moduli!  of  4,000  and  120,000  psi  of  the 
subgrade  and  the  reinforcing  layer  material  respectively. 


CHAPTER  V 


INTERPRETATION  AND  CORRELATION  OF  BENKELMAM  BEAM  DATA 

Pavement  deflection  measurements  on  sections  of  various 
highways  in  the  Province  of  Alberta  were  made  by  the  Alberta 
Highways  Department  in  accordance  with  the  pavement  investigation 
program  specified  by  the  Special  Committee  on  Pavement  Design  and 
Evaluation  of  the  Canadian  Good  Roads  Association  (65 ,  69), 
Measurements  were  taken  by  means  of  Benkelman  beam  at  fixed  points 
or  at  random  intervals  within  a  homogeneous  section  on  the  outer 
wheel  path  of  the  roadways.  A  9-kip  wheel  load  equipped  with  11.00 
x  20  dual  tires  inflated  to  80  psi  was  used  for  the  load-deflection 
tests.  The  four  highways  considered  in  this  investigation  are 
Alberta  Highways  9,  13 ,  14  and  16  because  extensive  Benkelman  beam 
data  had  been  taken  in  the  various  sections  of  the  highways.  The 
sections  of  the  highways  vary  in  length,  subgrade  soil  types,  and  in 
geometric  features.  There  are  also  differences  in  traffic  coverages 
and  chronological  ages  of  the  pavements.  The  relative  locations  of 
the  highways  are  shown  in  the  map  in  Appendix  II.  For  clarity,  the 
information  regarding  the  four  highways  is  summarized  in  Table  9  to 
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Summary  of  Information  Regarding  the 

Pavement  Sections  Studied  -  I 


Highway  #9 


Traffic 

Chrono- 

Covdrage 

Total  pav’ 

t 

logical 

Heavy  Axle 

Section 

Length 

thickness 

Subg 

rade 

age  of 

Coverages 

Shoulder 

No. 

Hi. 

in . 

Soil 

Type. 

.  pay ' t 

X  100  lane 

Type 

Unified 

Soil 

Classi- 

Con- 

f ication 

CGHA 

CGRA 

struc- 

System 

Code 

Code 

tion 

Full  depth  gran- 

1  - 

6 

28.3 

2. 5+6=8. 5 

CL 

10 

7 

2170-2310 

7 

ular  courses,  3  to 
6  feet  wide,  un¬ 
paved  surface. 

7  - 

8 

6.1 

2.5+9=11.5 

CL 

10 

6 

2290 

9 

9 

4.4 

2.5+9=11.5 

CL-CH 

10* 

6 

1530 

9 

Full  depth  gran- 

10  - 

15 

19.0 

2.5+9=11.5 

CH 

13 

6 

1530 

9 

ular  courses,  6 

feet  wide,  paved 
surface. 

16 

0.9 

4+9=13 

CL 

10 

5 

1270 

9 

17  - 

22 

14.0 

4+11=15 

CH 

13 

4 

1020-1345 

9 

23  - 

25 

1.6 

4+11=15 

SP 

6 

4 

1163 

9 

26  - 

30 

7.3 

4+11=15 

CL 

10 

4 

1163 

9 

31  - 

33 

5.3 

5+9=14 

CL-CH 

10* 

4 

1163 

9 

34 

1.8 

4+9=13 

CL 

10 

4 

1163 

9 

35 

0.2 

4+9=13 

CL-CH 

10* 

4 

1163 

9 

TABLE  10  - 

II 

Highway  #1 

3 

1-12 

19.7 

2. 5+6=8. 5 

CL 

7 

2292 

8 

Full  depth  gran¬ 
ular  courses,  0  to 

13 

5.4 

2. 5+6=8. 5 

CL 

7 

6 

2842 

1873 

8 

3  feet  wide,  un¬ 
paved  surface. 

14  -  16 

26.0 

2.5+9=11.5 

CL 

9 

17  -  20 

18.2 

3+9=12 

CL 

5 

1623 

5 

21  -  23 

4.7 

4+9=13 

CL 

2 

341 

5 

Full  depth  gran¬ 
ular  courses,  over 
6  feet  wide,  paved 

341 

surface . 

24 

9.6 

4+9=13 

SP 

2 

5 

25  -  27 

6 . 4 

4+9=13 

CL 

2 

174 

5 

28  -  29 

4.2 

4+9=13 

SP 

2 

174 

5 
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TABLE  11 

-  Ill 

Highway  #14 

Total  pav't 

Section  Length  thickness  Subgrade 

No.  Mi.  in.  Soil  Type 

Chrono¬ 
logical 
age  of 
pav 1 1 

Traffic 
Coverage 
Heavy  Axle 
Coverages 

X  100  lane 

Shoulder 

Type 

Unified 

Soil 

Classi- 

Con- 

fication  CGRA  CGPA  struc- 

System  Code_ Code  tion 


1 

0.9 

4.5+9=13.5 

Cl-I 

6 

816 

5 

2 

0.7 

2. 5+6=8. 5 

CH 

6 

816 

6 

3-13 

18.5 

2. 5+6=8. 5 

CL 

7 

1893 

6 

Full  depth  granular 
courses,  over  6  fee 

wide,  unpaved  sur- 

face . 

14  -  17 

13.5 

2.5+9=11.5 

CL 

6 

1623 

9 

18  -  20 

6.0 

3+9=12 

CL 

3 

868 

9 

21 

1.5 

3+9=12 

CL 

3 

868 

5 

22  -  23 

6.5 

3+9=12 

CL 

3 

1096 

5 

24  -  25 

1.4 

3+12=15 

CL 

3 

1096 

5 

26  -  27 

9.5 

4+9=13 

CL 

3 

1096 

5 

28  -  29 

16.2 

4+9=13 

CL 

2 

774 

5 

30 

6.8 

4+12=15 

CL 

2 

774 

5 

31 

2.9 

4+14=18 

CL 

2 

774 

5 

32 

8,5 

4+14=18 

CL 

1 

395 

5 

33  -  37 

13.3 

4+12=16 

CL 

1 

395 

5 

TABLE  12  - 

IV 

Highway  #16 

4-22 

24.7 

4.5+9=13.5 

CH 

10 

9622 

3 

Trenched  construc¬ 
tion,  3  to  6  feet 
wide,  unpaved  sur- 

face . 

23  -  29 

15.1 

4+10=14 

CL 

8* 

4350 

9 

30  -  34 

11.7 

4+10=14 

CL 

8* 

2920 

9 

35  -  36 

11.4 

3+11=14 

CL 

4 

2920 

5 

37-40 

12.5 

3+11=14 

CL 

4 

2435 

5 

41  -  42 

4.0 

3+9=12 

CL 

5 

3040 

5 

43  -  45 

24.6 

3+9=12 

SC 

5 

3040 

5 

46 

2.3 

3+9=12 

CL 

5 

3040 

5 

47  -  49 

11.3 

5. 5+3=8. 5 

CL 

7 

4255 

4 

50-52 

8.3 

5. 5+3=8. 5 

CL 

7 

3310 

4 

Trenched  construc¬ 
tion,  0  to  3  feet 

53  -  59 

12.9 

5. 5+3=8. 5 

CL 

8 

3600 

4 

wide,  unpaved  sur- 

face . 

60  -  62 

15.3 

5. 5+3=8. 5 

CL 

10 

4130 

4 

* 


resurfaced:  4  years 
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DEFLECTIONS 

Deflection  Versus  Thickness  of  Pavement 

Plate  11  shows  the  average  deflection  values  obtained  from 
the  four  highways  on  sections  having  different  pavement  thicknesses. 

The  figures  beside  the  points  denote  the  number  of  individual 
deflection  measurements,  from  which  the  mean  values  were  computed. 

The  wide  spread  of  points  as  shown  may  be  attributed  to  the  fact  that 
the  deflections  were  taken  at  various  highways  constructed  under 
different  field  conditions  and  subjected  to  different  traffic  conditions. 
However,  the  deflections  taken  at  the  same  section  having  the  same 
geometic  features  and  having  the  same  traffic  coverages  were  also  found 
to  vary  considerably,  as  indicated  by  the  plotted  points  representing 
one  standard  deviation  on  each  side  of  the  mean  values  in  Plate  14. 

Such  inconsistent  deflection  values  have  been  previously  reported  (44,59). 

For  regression  analysis  on  the  relation  of  deflection  and 
pavement  thickness,  the  Benkelman  beam  deflection  values  taken  on 
sections  having  performance  ratings  lower  than  6*  have  been  eliminated. 
Based  on  the  data  so  treated,  an  empirical  equation  has  been  obtained 
by  visual  estimation  as  : 

*  =  0.47  (A) 

h 

and  by  an  electronic  computer  as  : 

-9  2 

a  =  -1.5741  ♦  (5.1600  x  10  )h  -  (5.9191  x  10  )h 

+  (2.9159  x  10"")b3-  (0.5254  x  10"  :)h4  (E) 

*  a  rating  of  6  is  the  boundary  between  fair  and  good  performance  based 
on  the  Special  Committee  on  Pavement  Design  and  Evaluation  of  CGPvA(69)  . 
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In  these  equations,  '  ^  '  denotes  the  deflection  and  'h1  denotes  the 
total  pavement  thickness,  both  in  inch  units.  The  respective  curves 
are  plotted  in  Plate  11. 

It  is  seen  from  the  plate  that  the  deflection  decreases  as 
the  total  pavement  thickness  increases  as  indicated  in  the  theoretical 
analysis,  except  for  sections  having  pavement  thicknesses  less  than 
11%  inches  which  are  shown  by  the  dashed  portion  of  curve  (B) .  This 
disagreement  between  the  field  data  and  the  result  of  the  theoretical 
analysis  leads  to  further  examination  of  the  field  data.  It  is  found 
that  the  deflection  values  for  the  sections  having  pavement  thicknesses 
of  8%  and  11%  inches  are  the  arithmetic  means  of  230  and  80  individual 
measurements,  and  in  reducing  the  numbers  of  measurements  to  the  basis 
of  per  unit  length  of  the  pavements,  these  deflection  values  are  only 
the  means  of  4.8  and  1.9  measurements  per  mile  at  the  two  sections 
respectively.  These  average  deflection  values  \tfith  high  standard 
deviations*  about  their  means  would  appear  to  have  limited  use  as 
typical  values. 

It  was  thought  desirable  to  correlate  the  best  fitted  curve 
(B)  of  the  mean  Benkelman  beam  data  to  a  theoretical  curve  so  as  to 
determine  how  closely  the  theory  studied  approximates  actual  conditions. 

The  construction  of  the  theoretical  curve  necessitates  comparable  and 
consistent  deflection  data  at  different  thicknesses  of  pavements,  from 
which  the  modulii  of  the  materials  at  the  sections  can  be  evaluated 
(20,  26).  The  method  of  evaluation  involves  a  graphical  trial 

*  The  standard  deviations  are  as  high  as  0.019  inch  about  the  means  of 
ten  random  measurements  within  a  homogeneous  section  of  the  pavements. 
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solution,  the  procedures  of  which  are  as  indicated  in  Table  15  and 
Plate  12.  The  values  in  column  4  of  the  table  are  the  average 
deflections  measured  by  Benkelman  beam  at  the  corresponding  sections 
having  various  pavement  thicknesses  as  listed  in  column  3.  The 
settlement  coefficients,  Fw,  in  columns  7,  8  and  9  are  computed  from 
the  basic  settlement  equation  for  the  trial  subgrade  moduli!,  Es . 

The  trial  solution  is  illustrated  in  Plate  12,  which  is  the  influence 
curve  of  the  settlement  coefficient  as  shown  in  Figure  2.  From  the 
graph  of  F  versus  £•  ,  it  is  seen  that  most  compatible  values  in 
conformity  with  the  pattern  curves  are  4,000  psi*  for  the  subgrade 
modulus  and  35  for  the  modulus  ratio.  Thus,  the  modulus  of 
deformation  of  the  reinforcing  layer  then  equals  to  140,000  psi*. 

The  above  modulus  values  so  determined  are  the  strength 
properties  of  the  pavement  studied,  and  are  not  the  average  value  of 
all  pavements.  With  these  moduli!,  a  theoretical  curve  is  plotted 
and  is  extended  to  a  pavement  thickness  of  9  inches,  as  shown  in  Plate 
13,  so  as  to  compare  with  the  best  fitted  curve  previously  obtained. 

It  is  seen  that  the  two  curves  almost  coincide  at  pavement  thicknesses 
from  approximately  14%  to  18  inches .  This  indicates  that  the  theory 
is  adequate  to  explain  the  real  phenomenon  in  the  pavements,  and  thus 
the  theoretical  equation  shown  in  the  plate  can  be  used  for  predicting 
the  deflections  for  pavements  having  the  thickness  range  and  having  the 
strength  properties  mentioned  therein.  However,  at  pavement  thicknesses 


*  The  modulii  obtained  by  Burmis ter  in  his  evaluation  of  the  WASHO  Road 
test  (62)  are:  natural  subgrade  -2,000  psi;  24-inch  compacted 

subgrade  -  5,800  to  7,000  psi;  subbase  -  12,000  to  26,000  psi; 
combined  surfacing  and  base  -  40,000  to  160,000  psi. 
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less  than  14%  inches,  the  two  curves  are  not  in  agreement  in 
deflection  values,  and  the  deviation  from  each  other  is  shown  by 
the  vertical  distances  at  various  pavement  thicknesses.  An  attempt 
was  made  to  correlate  this  portion  of  the  fitted  curve  with  another 
theoretical  curve  based  on  different  modulii  lower  than  those  pre¬ 
viously  obtained.  Such  an  attempt  was  unsuccessful,  because  the 
rate  of  change  in  deflection  with  respect  to  the  change  in  pavement 
thickness  for  the  fitted  curve  was  not  found  to  conform  with  that  of 
the  theoretical  curves  attempted.  This  disagreement  is  attributed 
to  the  variation  in  strength  properties  of  the  materials  in  the  pave¬ 
ments,  resulting  from  traffic  and  climatic  deterioration  over  varying 
periods  of  service  life.  Thus,  the  evaluation  of  the  modulii  of  the 
pavement  materials  is  carried  out  using  the  deflection  values  in¬ 
dicated  by  the  best  fitted  curve  (B)  at  various  pavement  thicknesses. 
In  the  analysis,  4,000  and  140,000  psi  are  assumed  to  be  the  outer 
boundaries  of  the  modulus  values  for  the  subgrade  and  the  reinforcing 
layer  respectively.  These  modulii  are  the  strength  properties  of 
sections  having  relatively  new  pavements;  therefore,  values  in  excess 
of  these  are  unlikely  for  the  pavement  materials  to  be  investigated. 

The  curves  in  Plate  13A  show  the  possible  ranges  of  modulus 
values  for  the  sections  investigated.  It  is  seen  that  the  lowest 
modulii  are  approximately  2,180  and  46,000  psi  for  the  subgrade  and 
the  reinforcing  layer  material  respectively.  It  is  to  be  noted  that 
the  lowest  and  the  highest  modulii  values  for  the  combined  surfacing 
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and  base  are  within  the  range  obtained  by  Burraister  at  WASHO.* 

In  doing  the  comparison  of  the  modulus  values,  it  is 
understood  that  the  WASHO  test  road  is  relatively  new  and  that  the 
pavement  materials  are  not  necessary  strictly  comparable.  In 
conjunction  with  Burmister's  deflection  equation  and  the  influence 
curve,  the  above  modulii  values  so  determined  appear  to  be  utilizable 
in  the  determination  of  the  required  thickening  of  the  existing 
pavement  so  as  to  meet  the  criterion  of  an  arbitrary  limiting 
deflection.  Since  the  possible  ranges  of  the  modulii  shown  by  the 
curves  in  Plate  13 A  are  based  on  the  predicted  deflection  from  the 
empirical  equation,  the  accuracy  of  the  estimated  modulii  is  dependent 
on  the  goodness  of  fit  of  the  curve. 

Plate  14  groups  the  sections  having  the  same  thickness  of 
bituminous  surface.  It  shows  the  same  trend  that  the  thicker  the 
pavement,  the  smaller  is  the  deflection.  The  extent  of  variability 
of  the  deflection  values  as-  expressed  in  standard  deviations  seems  to 
depend  on  the  magnitude  of  the  deflection.  The  higher  the  mean  value 
of  deflection  of  a  number  of  tests,  the  greater  is  the  variability; 
and  the  lower  the  mean  value,  the  less  is  the  degree  of  variability. 
For  a  section  having  a  total  pavement  thickness  of  8%  inches,  the 
standard  deviation  is  found  to  be  equal  to  0.023  inch  about  the  mean 
deflection  of  0.066  inch,  while  for  the  section  having  a  total 
thickness  of  18  inches,  the  standard  deviation  is  0.005  about  the  mean 
value  of  0.026  inch.  Assuming  the  deflection  data  are  normally 


* 


See  foot  note  on  page  74 
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distributed,  68.2770  of  the  deflection  values  will  be  included 
within  the  limits  of  the  arithmetic  mean  deflection  values  plus 

-  -f- 

and  minus  one  standard  deviation(  X  -  1.06-)*.  Values  of  mean 
deflection  and  standard  deviations  are  tabulated  in  Table  16. 

A  large  standard  deviation  about  mean  deflection  indicates 
a  great  dispersion  of  individual  measurements  about  the  mean.  From 
an  engineering  point  of  view,  it  may  indicate  a  large  number  of  weak 
spots  in  the  pavements  resulting  in  inconsistent  measurements. 
Localized  failures  would  be  expected  in  sections  having  large 
standard  deviations  about  the  high  mean  deflection  values,  especially 
when  the  pavements  are  subjected  to  the  detrimental  effects  of  frost 
heaving  and  thawing.  This  suggests  that  the  load  ban  should  be  based 
not  only  on  the  information  of  magnitude  of  deflection  but  also  on 
the  degree  of  variation  in  deflection  if  localized  failure  of  a  pave¬ 
ment  is  to  be  prevented. 

While  the  Benkelman  beam  data  obtained  from  relatively  thin 
pavements  show  large  deflection  values,  the  data  may  indicate  values 
which  are  less  than  the  actual  deflection  in  the  pavement.  In 
thin  pavements  some  upward  deformation  of  the  road  surface  between 
the  dual  tires  in  deflection  tests  may  occur  due  to  the  low  slab 
action  produced  by  the  combination  of  the  total  thickness  of  the 
asphaltic  surface  and  the  base  course.  Consequently  the  re¬ 
corded  deflection  between  the  tires  by  the  beam  would  be  less  than  the 

*  Arkin,  H.,  and  Colton,  R.R.,  "Statistical  Methods",  New  York: 

Barnes  &  Noble  Inc.,  1958  ed.  (pp.  38). 
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deflection  directly  under  the  tires.  This  may  be  one  reason  account¬ 
ing  for  the  large  variation  in  deflection  values  for  relatively  thin 
pavements,  because  the  rigidity  of  these  sections  to  support  the 
loaded  vehicle  through  the  slab  action  of  the  pavement  varies  over 
a  larger  extent.  On  the  other  hand,  the  measured  deflections  for 
relatively  thick  pavements  may  show  larger  values  than  those  occurring 
directly  under  the  tires,  because  the  lowest  point  of  the  deflection 
bowl  occurs  between  the  tires  as  a  result  of  the  slab  action  of  the 
pavement . 

The  deflections  measured  in  June,  July,  and  August  at 
various  sections  are  also  included  in  Table  16.  There  is  no  signi¬ 
ficant  difference  in  average  deflection  from  one  month  to  another. 

Deflection  measurements  in  accordance  with  WASHO  test 
procedure  of  slowly  moving  wheel  load  are  plotted  in  Plate  15  to 
compare  the  results  based  on  CGPA  procedure,  which  is  under  static 
wheel  load.  It  is  seen  that,  based  on  the  limited  data,  the 
deflection  values  yielded  by  WASHO  procedure  are  lower  approximately 
by  17  per  cent  than  those  given  by  the  CGRA  procedure,  because 
deflections  under  static  loads  are  always  greater  than  under  moving 
loads  (48) . 

Deflection  Versus  Chronological  Age  of  The  Pavement 

Pavements  having  the  same  thickness  but  varying  in  chrono¬ 
logical  age  are  grouped  so  as  to  conpare  the  effect  of  age  of 
pavement  on  deflection.  However,  as  shown  in  Plate  16,  such  an 
attempt  is  not  too  successful.  The  rapid  increase  in  deflections  at 


DEFLECTION  -  inch 
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the  sections  having  pavement  thickness  of  13  inches  may  be  attributed 
to  the  fatigue  characteristic  of  the  pavement  materials  as  a  result 
of  the  effect  of  moving  vehicles  during  the  different  durations  of 
service  of  the  pavements  considered.  This  substantiates  the  relation¬ 
ship  between  the  magnitude  of  deflection  and  the  number  of  load 
repetitions  in  a  pavement:  the  larger  the  number  of  load  repetitions, 
the  larger  is  the  total  deflection.  Because  asphalt  pavements  are 
undergoing  constant  change  in  their  physical  and  chemical  properties 
with  the  passage  of  time,  the  ability  to  absorb  the  energy  of  imposed 
stresses  by  the  traffic  also  varies,  and  thus  this  change  also 
affects  the  deflection.  In  the  thinner  sections,  the  spread  of 
points  is  possibly  due  to  the  high  variability  of  the  mean  deflection 
values  as  reflected  in  high  magnitudes  of  standard  deviations  as 
stated.  To  show  the  variability  of  deflections,  Plate  18  is  made. 

The  curves  in  the  plate  show  the  deflections  measured  at  sections 
having  various  pavement  thicknesses  and  different  chronological 
ages.  The  lines  joining  the  individual  points  are  of  no  physical 
significance,  and  they  only  serve  to  show  the  variation  of  the  values. 
The  figures  beside  the  points  denote  the  pavement  temperature  when 
the  deflections  were  taken.  The  magnitude  of  the  average  deflections 
and  the  corresponding  standard  deviations  are  shown  in  the  plots. 

Curves  B  and  C  in  Plate  18  and  the  histograms  in  Plate  17  also  show 
the  effect  of  chronological  age  of  pavement  on  deflection  at  sections 
having  the  same  pavement  thickness  but  different  in  chronological 
ages.  They  show  that  the  older  the  pavement,  the  larger  the  deflection. 
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and  the  larger  is  the  standard  deviation  about  the  mean.  Curve  B 
shows  a  standard  deviation  of  0.01  inch  about  a  mean  deflection  of 
0.039  inch  compared  with  a  standard  deviation  of  0.006  inch  about 
a  mean  deflection  of  0.029  inch,  which  is  shown  in  Curve  C. 

Since  all  the  thin  pavements  are  older  and  exhibit 
greater  deflections  than  the  thick  ones,  the  available  data  are 
quite  incomplete  from  a  factorial  point  of  view,  and  consequently 
no  attempt  to  draw  any  regression  line  for  the  data  shown  in  Plate 
19  was  made  with  the  aim  of  uncovering  any  deflection- thickness-age 
relationship . 

Deflection  Versus  Subgrade  Soil  Type 

Clays  of  low  to  medium  plasticity  are  the  predominant 
subgrade  material  in  the  highways  studied.  Only  a  few  sections 
have  subgrade  soil  type  classified  as  SP,  SC,  and  Cl  material 
according  to  Casagrande's  classification  system  (29).  Based  on 
the  limited  data,  the  effect  of  subgrade  soil  type  on  deflection  is 
plotted  in  Plates  20  and  21.  In  Plate  20,  the  heights  of  the  histo¬ 
grams  indicate  the  deflections  measured  at  the  sections  having  the 
same  pavement  thickness  but  different  subgrade  soil  types.  It  is 
seen  that  there  is  little  difference  in  deflections  between  sections 
having  a  soil  type  of  CL  and  another  of  Cl;  or  CH  and  Cl  with  a 
total  pavement  thickness  of  13  and  11%  inches  respectively.  However, 
the  difference  in  deflections  is  relatively  large  in  sections  having 
subgrade  soil  types  of  CL  and  SP,  and  CL  and  SC.  At  Highway  9,  the 
deflection  measured  at  the  15-inch  section  having  subgrade  soil 
type  of  CL  is  0.023  inch,  while  that  having  a  SP  subgrade  soil  is 
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0.016  inch;  at  Highway  16,  the  deflections  are  0.041  and  0.038  inch, 
which  were  measured  at  the  12-inch  sections  having  CL  and  SC  sub¬ 
grade  soil  type. 

Plate  21  shows  the  mean  deflection  values  and  their 
standard  deviations  for  the  two  sections  having  the  same  conditions 
except  different  subgrade  soil  type.  The  section  with  a  CL  subgrade 
soil  exhibits  a  larger  standard  deviation  about  a  higher  mean 
deflection  than  the  section  with  a  SP  subgrade  soil.  The  mean 
deflections  are  0.022  inch  against  0.016  inch  and  the  standard 
deviations  are  0.004  inch  versus  0.002  inch  for  the  two  sections 
studied . 

Deflection  Versus  Temperature 

Because  there  is  a  wide  variation  in  deflection  values 
measured  on  thinner  and  older  pavements,  the  investigation  of  the 
effect  of  temperature  on  deflection  is  carried  out  at  sections 
having  a  young  chronological  age.  Based  on  this,  Plate  22  is  made. 
The  deflection  measurements  were  taken  at  section  having  a  total 
pavement  thickness  of  18  inches,  with  4  inches  of  asphaltic  surface 
and  14  inches  of  base  course,  and  having  a  chronological  age  of  1 
year.  For  clarity,  only  the  average  deflections  at  various 
temperatures  are  plotted  in  the  plate.  Within  the  temperature 
range  of  58  to  102°f.,  the  relation  of  deflection  and  temperature 
is  obtained  by  the  method,  of  least  squares.  It  is  expressed  by: 
a  =  0.000134  t  /  0.0128 

where  ’a1  is  the  deflection  and  ' t '  is  the  temperature  in  degrees 
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Fahrenheit.  The  rate  of  increase  in  deflection  with  increasing 
temperature  as  given  by  this  equation  is  somewhat  smaller  than  that 
given  by  the  equation  obtained  by  the  Canadian  Department  of  Transport 
(73) ,  the  difference  being  less  than  9  per  cent;  also,  there  is  a 
difference  in  the  deflection  at  0°F .  of  0.00068  inch  between  the  two 
equations . 

The  relationship  between  temperature  change  and  deflection 
thus  obtained  is  not  found  to  agree  with  that  shown  by  the  curves 
in  Plate  6,  the  construction  of  which  is  based  on  Nijboer's  E-values 
(41)  at  various  temperatures.  It  shows,  however,  a  reasonably  close 
agreement  with  that  shown  in  Plate  9,  based  on  Papazian  and  Baker's 
E  values  (67)  at  various  temperatures.  For  the  4- inch  asphaltic 
material,  the  increases  in  deflection  as  temperature  changes  from 
41  to  68°p.  are  found  to  be  equal  to  41.4,  15.4  and  19.7  per  cent 
in  accordance  with  the  4- inch  curves  shown  in  Plates  6,  9,  and  the 
above  empirical  equation  respectively.  The  15.4  versus  19.7  per 
cent  for  the  above-mentioned  temperature  range  and  34  against  44 
per  cent  for  a  temperature  range  of  40  to  100°F.  from  the  curve  in 
Plate  9  and  the  empirical  equation  may  be  considered  to  be  reasonable 
agreement.  The  above  information  is  tabulated  in  Table  25  for 
comparison. 

PERFORMANCE  RATINGS 

The  CGRA  Special  Committee  on  Pavement  Design  and  Evaluation 
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felt  (69)  that  because  of  implications  of  variables  affecting  a 
pavement  structure  and  of  the  possibility  of  facilitating  pavement 
investigation  by  stages,  over-all  performance  evaluation  of  exist¬ 
ing  pavements,  constructed  according  to  actual  field  practice  and 
subjected  to  various  traffic  and  climatic  conditions,  is  necessary 
in  the  correlation  with  and  in  the  development  of  a  design  criterion. 

‘’Present  Performance  Rating’1,  as  adopted  by  the  Committee, 
is  the  mean  opinion  of  members  of  a  Rating  Panel  as  to  the  present 
ability  of  a  pavement  to  serve  high-speed  and  high-volume  mixed 
traffic.  The  Rating  Panel  is  made  up  of  five  experienced  highway 
engineers  who  ride  in  a  fast  moving  vehicle  to  assess  the  riding 
quality  of  the  pavement  in  terms  of  a  numerical  scale  ranging  from 
0.0  to  10.0  representing  extremely  poor  to  extremely  good  pavements 
respectively.  The  rating  is  primarily  concerned  with  transverse 
distortion  or  rutting  and  with  low  frequency,  high  amplitude,  and 
longitudinal  distortion  of  surface,  and  disregards  its  geometric 
design  features. 

In  correlating  the  performance  ratings  with  other  variables, 
the  following  items  were  considered. 

Thickness  of  Total  Pavement 

Plate  23  shows  the  relation  between  rating  and  pavement 
thickness.  Points  in  the  plot  are  the  average  values  of  many  trials 
at  different  routes,  which  are  shown  by  the  figures  beside  individual 
points.  The  curve  from  visual  estimation  indicates  a  trend  that  the 
rating  increases  as  thicknesses  increase,  but  the  rate  of  increase 
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is  decreasing  as  the  pavements  become  thicker.  Because  the  conditions 
at  various  sections  are  not  strictly  comparable,  good  correlation 
cannot  be  expected.  There  is  a  wide  variation ' in . ratings  at  sections 
having  the  same  thickness  at  different  routes.  Generally,  thin 
pavements  are  older  and  tend  to  have  lower  ratings  and  x^ider  varia¬ 
tions  in  the  rating  values  as  compared  with  those  of  thicker  pavements 
as  shown  in  Table  21. 

Deflection 

The  relation  between  rating  and  deflection  is  shown  in 
Plate  24.  Because  of  a  wide  spread  of  points,  no  regression  is 
drawn.  In  the  examination  of  the  data,  variation  of  values  is 
especially  pronounced  in  sections  with  thin  pavements.  For  example, 
the  8- inch  section  in  Highway  16  has  a  deflection  range  of  0.091  to 
0.056  inch  and  a  rating  range  from  2.4  to  5.1.  The  extent  of  the 
spread  of  the  deflection  and  rating  values  is  indicated  by  the 
separated  plots  in  Plates  25  to  28  inclusive.  It  is  seen  that  the 
sections  having  thick  and  young  pavements  exhibit  smaller  variations 
in  deflection  and  rating  than  those  having  thin  and  old  pavements. 

The  wide  spread  of  the  values  is  particularly  shown  by  the  scatter 
of  points  for  the  8%-inch  pavement  at  Highway  13  in  Plate  26. 

Coefficient  of  Variation  of  Ratings 

Because  the  sections  rated  vary  from  0.2  to  more  than  22 
miles  in  length  depending  on  their  subdivisions  on  the  basis  of 
homogeneity  of  conditions,  it  was  thought  that  the  variation  in 
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length  might  be  a  factor  affecting  the  inconsistency  of  the  rating 
values.  Plate  29  is  intended  to  show  the  per  cent  error  or  the 
relative  dispersion  of  the  performance  ratings  with  respect  to 
inventory  section  length.  It  indicates  that  the  long  sections  have 
relatively  low  and  consistent  coef f icients,  and  that  the  short 
sections,  high  and  inconsistent  coefficients.  In  glancing  at  the 
plot,  it  may  seem  that  the  longer  is  the  section,  the  better  is  the 
correlation.  However,  there  is  little  influence  of  section  length 
on  the  mean  coefficient  since  a  median  line  is  essentially  horizontal. 
The  high  and  inconsistent  values  are  mainly  due  to  the  variations 
in  ratings  on  the  thin  sections,  which  result  in  wide  spread  of 
points  in  the  plot. 

The  relation  between  the  coefficient  and  the  age  of 
pavement  is  shown  in  Plate  30.  It  is  seen  that  the  relative 
dispersion  is  smaller  with  newer  pavement  as  compared  with  that  at 
the  older  sections.  Because  the  standard  deviations  of  the  rating 
are  low  and  they  vary  in  a  narrow  range,  and  because  the  mean  ratings 
are  high  and  consistent,  the  young  pavements  have  low  and  more 
consistent  coefficients  of  variation.  On  the  other  hand,  because  a 
wider  variation  in  standard  deviation  of  the  ratings  and  lower  mean 
ratings,  the  older  pavements  have  high  and  inconsistent  coefficients. 
It  is  believed  that  because  most  of  the  young  pavements  are  thicker 
than  the  old  ones,  the  smaller  coefficient  of  variation  is  also 


attributable  to  this  factor. 
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CHAPTER  VI 


CONCLUSIONS  OF  THE  STUDIES 

AND 

SUGGESTIONS  OF  FURTHER  INVESTIGATION  Qg  THE  TOPIC 


CONCLUSIONS 


The  following  conclusions  may  be  drawn  from  the  studies: 
1.  Strength  properties  of  pavements  in  terms  of  moduli!  can  be 
evaluated  from  the  Benkelman  beam  data  in  conjunction  with 
Burmister’s  deflection  equation  and  the  influence  curve.  For 
pavements  having  consistent  strength  values,  the  relation  of 
deflection  to  pavement  thickness  indicated  by  the  beam  data  show  a 
close  correlation  with  that  determined  by  Burmister's  deflection 
equation.  From  the  investigation,  the  modulii  of  the  pavements 
studied  are  found  to  have  the  following  ranges: 


(i) 

subgrade 

2,180  -  4,000 

psi. 

(ii) 

combination  of 
surfacing  and  base 

46,000  -  140,000 

psi . 

The  modulii  are  functions  of  the  materials,  pavement  construction 
procedures,  and  the  effects  of  traffic  and  climate,  as  reflected  in 
the  Benkelman  beam  data  and  the  pavement  performance  rating  values; 
the  weaker  the  material,  the  larger  the  deflection,  and  the  lower  the 
rating.  The  above  modulii  values  appear  to  be  utilizable  in  the 
determination  of  the  required  thickening  of  the  existing  pavement  so 


as  to  meet  the  criterion  of  an  arbitrary  limiting  deflection. 

To  strengthen  a  pavement;  one  may  either  employ  materials 
having  high  strength  properties  or  may  thicken  the  pavement  to  meet 
an  assumed  allowable  deflection  value. 

2.  For  the  pavements  and  subgrade  conditions  studied  and  based  on 
the  limited  available  data,  the  following  empirical  equations  have 
been  evolved  for  expressing  the  relationships  between  the  variables: 

A  =  0 . 4  /  Q-j 

h 

^  =  -1.5741  +  (5.1600  x  10-1)h  -  (5.9191  x  10~2)h2 
+  (2.9159  x  10-3)h3  -  (0.52539  x  l(T^)h4  (2) 

a  =  0.00134t  +  0.0128  (3) 

Both  equations  (1)  and  (2)  are  the  fit  of  the  mean  Benl-celman  beam 
data  obtained  on  sections  having  CL  subgrade  at  various  temperatures; 
chronological  ages;  and  performance  ratings.  Equation  (1)  is  based 
on  the  curve  fitted  by  visual  estimation  and  equation  (2)  is 
obtained  by  the  use  of  electronic  computer.  Because  equation  (1) 
has  a  simple  functional  form;  it  appears  to  have  an  advantage  over 
the  other.  Equation  (3)  is  derived  from  the  field  measurements  on 
the  section  having  a  total  pavement  thickness  of  18  inches;  with  4 
inches  of  asphaltic  surface  and  14  inches  of  base  course;  and  having 
a  chronological  age  of  1  year  for  a  temperature  range  of  58  to 
102°f.  Due  to  many  variables  involved  and  their  unknown  relative 
effects  on  deflection;  the  applicability  of  the  above  equations  is 
subject  to  certain  limitations  and;  further  verification  with  more 
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field  data  is  therefore  necessary. 

3.  In  general,  relatively  thin  and  old  pavements  tend  to  have  lower 
performance  ratings,  larger  deflections,  and  larger  standard 
deviations  about  their  mean  values  than  relatively  thick  and  new 
ones.  The  high  standard  deviations  are  significant  in  the  deter¬ 
mination  of  load  restrictions  to  prevent  failure  or  localized 
failure  of  a  pavement,  because  they  may  reflect  larger  numbers  of 
weak  spots  in  the  pavements. 

4.  Depending  on  the  rigidity  of  a  pavement  surface,  the  Benkelman 
beam  data  may  record  deflections  less  than  the  actual  pavement 
deflections  directly  under  the  tires  as  a  result  of  upward  deforma¬ 
tions  of  the  road  surface  between  the  tires. 

5.  The  effect  of  a  tire  pressure  change  of  _+  5  psi  from  a  standard 
tire  pressure  of  80  psi  causes  only  about  2  per  cent  variation  in 
surface  deflection  for  the  assumed  modulii  of  4,000  and  120,000  psi 
for  the  subgrade  and  the  reinforcing  layer  material  respectively. 

6.  The  available  date  indicate: 

(i)  that  the  deflections  of  a  13-inch  pavement  underlain  by 
a  subgrade  of  the  CL  type  is  not  materially  different  from  a  similar 
pavement  underlain  by  a  subgrade  of  the  Cl  type; 

(ii)  that  the  same  thing  is  true  of  11%-inch  pavements  underlain 
by  subgrades  of  types  Cli  and  Cl; 

(iii)  that  the  deflections  of  15-  and  12-inch  pavements  overlying 
CL  subgrades  are  greater  than  those  of  similar  pavements  overlying 
SP  or  SC  subgrades  respectively;  the  former  values  show  a  higher 
standard  deviation  about  a  higher  mean  value  than  the  latter  two. 
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7.  Unlike  the  WASHO  deflection  test  procedure,  the  CGEA  procedure 
measures  the  elastic  portion  of  the  total  deflection  of  a  pavement 
under  a  static  wheel  load.  The  operation  eliminates  the  possible 
interference  of  the  probe  and  the  tire  walls  and  minimizes  the 
influence  of  the  deflection  pattern  on  the  parts  of  the  def lectometer . 
Based  on  the  limited  data,  the  deflection  values  obtained  by  the 
WASHO  procedure  are  found  to  be  lower  by  approximately  17  per  cent 
than  those  obtained  by  the  CGRA  procedure  for  pavement  thickness 
from  8%  to  18  inches. 

SUGGESTIONS 

In  the  development  and  the  application  of  the  beam,  it  is 
recommended  that  further  investigation  of  this  topic  should  include 
the  following  points: 

1.  Correlation  of  Benkelman  beam  data  with  other  accepted 
standard  test  procedures  so  as  to  set  up  strength  criteria  of 
pavement  material  'and  to  determine  the  effect  of  strength  on 
deflection ; 

2.  Evaluation  of  the  variables  and  their  relative  effects 
on  the  strength  of  the  material  and  thus  on  the  surface  deflection 
measurements;  and 

3.  Development  of  a  critical  surface  deflection  criterion 
that  conforms  with  various  types  of  pavements  and  with  desirable 
performance  values. 

To  achieve  these  purposes,  the  necessary  work  may  include: 
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Benkelman  beam  deflection  measurements,  including  magnitudes 


of  deflections,  variabilities  of  the  values,  and  the  shapes  of 
deflection  curves  for  various  pavement  types  and  conditions; 

2.  Correlation  of  the  deflection  characteristics  with  subgrade 
moisture  content,  in-place  density,  field  CBR,  and  plate  bearing  test 
results  on  various  component  parts  of  pavements;  and 

3.  Establishment  of  field  and  laboratory  tests  under  closely 
controlled  conditions  for  detailed  studies  which  may  include: 

(i)  tests  on  cores  and  beams  cut  from  asphaltic  pavements 

to  investigate  the  flexibility,  fatigue  resistance,  and 
modulus  of  deformation  of  pavements  constructed  in 
accordance  with  different  design  criteria  and  construction 
procedures,  and  subjected  to  different  effects  of  traffic 
and  climatic  conditions  in  various  durations  of  service, 
(ii)  tests  on  prepared  specimens  and  on  prototype  pavements 

of  different  physical  properties  under  various  controlled 
environments,  such  as  thicknesses  and  types  of  pavement 
components,  strength  of  the  materials  in  various  layers, 
sub- surface  moisture,  temperature,  and  rate  of  deformation. 

In  particular,  the  work  may  include  the  following  points: 

1.  To  obtain  the  deflection  bowls  of  pavements  together  with 
the  magnitudes  of  deflection  directly  under  the  rear  axle  of  a  loaded 
vehicle  in  the  field; 

2.  to  obtain  information  on  the  effect  of  pavement  temperature 
on  deflection  in  the  field  at  similar  pavement  structures  and  on 
prototype  pavements  under  more  closely  controlled  environments,  and 
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3.  to  obtain  deflection  characteristics  of  a  pavement 
before  and  after  thickening  a  section  of  the  same;  (The  thickening 
can  be  done  by  gradually  increasing  the  resurfacing  material  from 

a  minimum  to  a  certain  value.  In  doing  so,  the  deflections  can 
also  be  correlated  with  the  actual  performance  of  the  section.) 

4.  to  determine  the  seasonal  deflection  and  performance 
rating  values  of  various  pavements  and  to  observe  relative  changes 
in  successive  years. 
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APPENDIX  I 


EFFECT  OF  MODULUS  OF  DEFORMATION  OF  PAVEMENT  MATERIAL  AND  PAVEMENT  THICKNESS  ON  DEFLECTION 

(Plotted  in  Plate  1) 
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TABLE  2 

EFFECT  OF  STIFFNESS  OF  PAVEMENT  ON  DEFLECTION  (Plotted  in  Plate  2) 
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,  TABLE  5 

EFFECT  OF  CHANGE  IN  MODULUS  OF  DEFORMATION  OF  BITUMINOUS  MATERIALS 

DUE  TO  TEMPERATURE  CHANGES  ON  SURFACE  DEFLECTION  -I  (Plotted  in  Plates  5&6) 
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EFFECT  OF  CHANGE  IN  TEMPERATURE  ON  SURFACE  DEFLECTION 

(Plotted  in  Plate  9) 
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EFFECT  OF  TIRE  PRESSURE  ON  DEFLECTION 
(Plotted  in  Plate  10) 
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TAB LE  14  ( 

EVALUATION  OF  APPROXIMATE  MODULI I  OF  PAVEMENT 

MATERIALS  (Plotted  in  Plate  13) 
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EVALUATION  OF  APPROXIMATE  MODULI  I  OF  PAVEMENT 
MATERIALS  (Plotted  in  plate  13A) 
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COMPARISON  OF  DEFLECTION  MEASURED  IN  ACCORDANCE 
WITH  CGRA  &  WASHO  PROCEDURES  (Plotted  in  Plate  15) 
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TABLE  18 

DEFLECTION  vs  CHRONOLOGICAL  AGE  OF  PAVEMENT  -  I 

(Plotted  in  Plate  16) 


Pavement  Thickness 

inches  Highway  9  Highway 

13 

Highway 

14 

Highway 

16 

Surface  Base  Total  . 

A1  R2  *3  A 

R 

A 

A 

R 

A 

A  R 

A 

2%  6  8%  7  5.045.257 

5.0 

3.7 

7 

6.0 

7.0 

6.1  3.5 

4.8 

4. 6 

6,(D 

5.4 

6.6  3.0 

3.8 

4.2 

5.9 

5.4 

6.0  4.3 

3.8 

2.8 

6. 1 

6.4 

6.4  4.8 

4.6 

5.8 

5.2 

7.6 

6.0-  5.4 

5.1 

8.3 

6.2 

4.1 

(6.0) (4.4) 

4.9 

3.5 

7.0 

5.7 

4.1 

3.8 

6.7 

4.8 

4.0 

5.8 

6.8 

4.9 

5.2 

4.5 

6.6 

4.9 

5.4 

7.2 

7.0 

4.9 

4.5 

7.6 

(4.6) (5.2) 

(6.3) (5. 6) 

2%  9  11%  6 

6.6 

4.9 

6 

7.4 

5.5 

6 . 6 

4.9 

7.3 

5.6 

6.9 

5.7 

6.8 

5.9 

(6.7) (5.2) 

7.5 

5.4 

(7.3H5.6) 

3  9  12  5 

7.0 

3.9 

3 

8.1 

4.7 

5  8.2 

3.3 

7.0 

4.4 

7.8 

3.9 

8.2 

3.7 

7.3 

3.9 

7.8 

5.0 

8.0 

4.1 

7.5 

3.2 

8.0 

3.5 

(8.1) 

(3.7) 

(7.2) (3.9) 

8.4 

4.1 

8.5 

5.0 

(8. 1) (4.4) 

4  9  13  2 

8.1 

3.5 

3 

8.3 

4.0 

8.1 

3.0 

8.4 

4.0 

8.3 

2.3 

(8.4)(4.Q) 

(8. 2) (2 . 9) 

1 

8.3 

1.9 

2 

8.0 

3.6 

8.6 

2. 1 

8.1 

2.8 

8.6 

2.2 

(8 . 1) (3 . 2) 

(8-5X2. 1) 

1  A  Denotes  Chronological  Age  of  pavement  in  year 

2  R  Denotes  Performance  rating  of  pavement 

3  ^  Denotes  Deflection  in  xlO2  inch 

4  Average  values  of  five  determinations 

5  Average  values  of  ten  Determinations 

6  Figures  in  brackets  are  mean  values 
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DEF LECTION  vs  CHRONOLOGICAL  AGE  OF  PAVEMENT 
(Plotted  in  Plate  17) 
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TABLE  20 


VARIABILITY  OF  DEFLECTIONS  MEASURED  AT  VARIOUS  SECTIONS 

(Plotted  in  Plate  18) 


Pavement  Thickness  Chronological 

Sections  Surface  Base  Total  Age,  Years 

Inches 


Deflection 

x  10"2  Temperature 

Op 


Highway  14 

3  2%  6  8% 


26  4  9  13 


29  4  9  13 


32  4  14  18 


7 


3 


2 


1 


4*6 

108 

8.8 

100 

4.4 

108 

8.8 

101 

8.0 

108 

6.4 

101 

8.6 

108 

8.0 

.  i 

96 

(2.0)2 


4.2 

96 

2.6 

92 

3.2 

100 

5.2 

94 

5.4 

100 

5.2 

94 

3.0 

100 

4.0 

95 

3.0 

99 

(3.9) 

(1.0) 

3.0 

96 

2.4 

102 

3.6 

100 

2.6 

103 

2.8 

100 

2.0 

104 

2.0 

100 

3.0 

102 

4.0 

100 

3.0 

102 

(2.9) 

(0.6) 

2.8 

100 

2.2 

97 

2.8 

102 

2.0 

97 

2.2 

101 
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TABLE  20  -  Continued 


VARIABILITY  OF  DEFLECTIONS  MEASURED  AT  VARIOUS  SECTIONS 

(Plotted  in  Plate  18) 


Pavement  Thickness 
Sections  Surface  Base  Total 

Inches 


Chronological  Deflection 
Age,  Years  x  10~2  in.  Temperature 

op 


2.4 

97 

2.6 

101 

2.2 

96 

3.0 

99 

2.6 

96 

2.2 

99 

2.4 

96 

2.8 

99 

2,6 

94 

2.2 

100 

2.6 

93 

(2.4) 

(0.4) 

1  Average  Deflection 


2  Standard  Deviation  of  deflection 
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TABLE  21 

DEFLECT ION -PAVEMENT  THICKNESS -PAVEMENT  PERFORMANCE 

RATINGS -PAVEMENT  CHRONOLOGICAL  AGES 

(Plotted  in  Plates  19,  23,  24) 


DEFLECTION,  x  1Q~2  inch 


Pavement 

Thickness 

Performance 
Rating  of 

CHRONOLOGICAL  AGE  OF  PAVEMENT ,  year 

inches 

Pavement 

10 

87654321 

Highway  16 

8 

4.9 

7.9 

5.1 

8.8 

3.2 

8.5 

3.4 

8.7 

4.1 

7.5 

4.3 

6.1 

3.9 

6.5 

3.3 

7.3 

2.7 

9.1 

3.2 

8.5 

2.6 

8.1 

2.4 

7.0 

2.5 

8.0 

2.6 

5.6 

2.6 

7.2 

3.6 

7.8 

3.4 

8.5 

3.6 

8.1 

4.3 

(3.5) 

8.9 

8% 

Highway  9 

5.0 

5.2 

6.1 

3.5 

6.6 

3.0 

6.0 

4.3 

6.4 

4.8 

6.0 

5.4 

Highway  13 

5.0 

3.7 

4.8 

4.6 

3.8 

4.2 

3.8 

2.8 

4.6 

5.8 

5.1 

8.2 

TABLE  21  -  Continued 


14  n 


DEFLECTION ,  x  10"^  inch 


Pavement 

Thickness 

inches 


Performance 


CHRONOLOGICAL  AGE  OF  PAVEMENT ,  year 


Rating  ot 
Pavement 

10 

8 

7 

4.9 

3.5 

4.1 

3.8 

4.0 

5.8 

5.2 

4.5 

5.4 

7.2 

4.5 

7.6 

4.9 

8.2 

Highway  14 

6.0 

7.0 

6.0 

5.4 

5.9 

5.4 

6.1 

6.4 

5.2 

7.6 

6.2 

4.1 

7.0 

5.7 

6.7 

4.8 

6.8 

4.9 

6.6 

4.9 

7.0 

4.9 

Highway  16 

5.8 

5.1 

6.3 

4.9 

6.8 

4.6 

6.7 

5.0 

6.5 

5.1 

6.7 

6.2 

7.0 

5.7 

5.8 

5.4 

6.5 

7.4 

5.4 

8.5 

4.6 

7.6 

4.6 

7.9 

5.4 

5.5 

6.1 

5.5 

4.4 

6.0 

6.3 

5.1 

(5.7) 

11% 


Highway  9 

6.6 

4.5 

Highway  13 

6.6 
6.6 
6.9 


4.5 

3.6 

4.9 

4.9 

5.7 
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TABLE  21  -  Continued 


Pavement 

Performance 

DEFLECTION,  x  10~2  inch 

CHRONOLOGICAL  AGE  OF  PAVEMENT ,  year 

Thickness 

Rating  of 

inches 

Pavement 

10 

8  7  6  5  4  3  2 

1 

12 


13 


14 


Highway  14 


7.4 

5.5 

7.3 

5.6 

6.8 

5.9 

7.5 

(6.7) 

5.4 

Highway  13 

7.0 

3.9 

7.0 

4.4 

7.3 

3.9 

7.5 

3.2 

Highway  16 

8.2 

3.3 

8.2 

3.7 

8.0 

4.1 

Highway  14 

8.1 

4.7 

7.8 

3.9 

7.8 

5.0 

8.0 

3.5 

8.4 

4.1 

8.5 

5.0 

(7.8) 

Highway  9 

7.3 

2.0 

7.9 

2.4 

Highway  13 

8.1 

3.5 

8.1 

3.0 

8.3 

2.3 

8.3 

1.9 

8.6 

2.1 

8.6 

2.2 

Highway  14 

8.3 

4.0 

8.4 

4.0 

8.0 

3.6 

8.1 

2.8 

(8.2) 

Highway  16 

8.6 

4.0 

8.6 

3.9 

8.4 

4.2 

1  0  j: 
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i.L- ■  .1  • ' »  : 


* 


i-  - 


I 


142 


TABLE  21  -  Continued 


Pavement 

Thickness 

Performance 
Rating  of 
Pavement 

DEFLECTION,  x  10" : L  inch 

CHRONOLOGICAL  AGE 

OF  PAVEMENT, 

year 

inches 

10 

8  7  6  5 

4  3 

2 

1 

8.4 

3.0 

8.5 

4.4 

8.5 

3.9 

(8.5) 

Highway  9 

7.7 

2.1 

8.0 

2.2 

8.0 

2.2 

8.1 

2.5 

7.4 

2.6 

Highway  14 

8.0 

4.6 

8.0 

4.5 

(7.9) 

Highway  14 

8.3 

2.5 

8.5 

2.6 

8.7 

2.8 

8.7 

3.4 

8.5 

2.5 

(8.5) 

Highway  14 

8.4 

3.0 

8.6 

2.3 

(8.5) 

1.  Data  are  from  Highways  9,  13,  14,  and  16. 

2.  Subgrade  Soil  Type:  CL 

3.  No  Re-surfacing 

4.  Each  rating  value  is  average  of  five  determinations. 

5.  Each  deflection  value  is  average  of  ten  determinations. 

6.  Figures  in  brackets  are  the  average  values. 


TABLE  22 


DEFLECTION  AND  SUBGRADE  SOIL  TYPE  -  I 

(Plotted  in  Plate  20) 


Pavement  Thickness 

inches  r1  r2 3  SUBGRADE  SOIL  TYPE 

Surface  Base  Total _ CH  Cl  CL  SP  SC 

Highway  9 


2% 


4 


4 

3 


9 

11% 

(3.5) 

(38) 

(4.3) 

3.8J 

37 

3.84 

2,8 

40 

4.8 

2.5 

43 

4.6 

2.9 

38 

4.7 

4.9 

41 

3.9 

5.5 

54 

2.9 

(3.7) 

(42) 

(4.2) 

11 

15 

7.7 

33 

2.1 

8.0 

34 

2.2 

8.0 

34 

2.2 

8.1 

51 

2.5 

7.4 

51 

2.6 

(6.8) 

(41) 

(2.3) 

7.5 

34 

1.5 

7.7 

38 

1.7 

8.0 

35 

1,7 

(7.4) 

(36) 

(1.6) 

9 

13 

(7.9) 

(45) 

(2.4) 

(7.8) 

(44) 

(2.5) 

9 

12 

(8.1) 

(68) 

(8.0) 

(72) 

(4.1) 

(3.8) 


1  R  denotes  pavement  performance  rating 

2  t  denotes  pavement  temperature,  °F 

3  Average  of  five  values 

4  Average  of  ten  determinations 
Figures  in  brackets  are  average  values 
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TABLE  23 

DEFLECTION  AND  SUBGRADE  SOIL  TYPE  -  II 

(Plotted  in  Plate  21) 


Pavement  Thickness 

_ inches _ 

Surface  Base  Total 


4  9  13 


2 

Deflection  x  10"  Inch 


CL 

SP 

1.8 

1.4 

2.6 

1.8 

1.8 

1.6 

1.8 

1.4 

2.4 

1.6 

2.4 

1.8 

2.0 

1.8 

2.8 

1.6 

2.6 

1.8 

2.2 

1.4 

(2.2) 1 

(1.6) 

(0.4)2 

(0.2) 

1  Average  value 

2  Standard  Deviation 
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TABLE  26 

DEFLECTION  &  PAVEMENT  RATINGS 
(Plotted  in  Plates  25,  26,  27,  &  28) 

I 


Pavement  Thickness 

Route  _ inches 

Surface  Base  Total 


:otal 

i 

Rating 

A2 

6% 

5.2 

5.0 

7 

Curve  A 

3.5 

6.1 

in  Plate  25 

3.0 

6.6 

4.3 

6.0 

4.8 

6.4 

5.4 

6.0 

11% 

3.8 

3.8 

6 

Curve  B 

4.8 

2.8 

4.6 

2.5 

4.7 

2.9 

3.9 

4,9 

2.9 

5.5 

13 

2,1 

7.7 

4 

Curve  C 

2.2 

8.0 

2.2 

8.0 

2.5 

8.1 

2.6 

7.4 

8% 

3.7 

5.0 

7 

Curve  A 

4.6 

4.8 

in  Plate  26 

4.2 

3.8 

2.8 

3.8 

5.8 

4.6 

8.3 

5.1 

3.5 

4.9 

3.8 

4.1 

5.8 

4.0 

4.5 

5.2 

7.2 

5.4 

7.6 

4.5 

8.2 

4.9 

12 

3.9 

7.0 

5 

Curve  B 

4.9 

7.0 

3.9 

7.3 

3.2 

7.5 

13 

1.9 

8.3 

1 

Curve  C 

2.1 

8.6 

2.2 

8.6 

8% 

7.0 

6.0 

7 

Curve  A 

5.4 

6.0 

in  Plate  27 

5.4 

5.9 

6.4 

6.1 

7.6 

5.2 

4.1 

6.2 

2% 


2% 


11 


13 


2% 


14 


2% 


6 


: 


:j '  vi,'.' 
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Pavement  Thickness 

Route  _ inches _  a 

Surface  Base  Total  A  Rating 


2% 


9  11% 


12  16 


16 


6  8 


5% 


3  8% 


11  14 


5.7 

7.0 

4.8 

6.7 

4.9 

6.8 

4.9 

6.6 

4.9 

7.0 

5.5 

7.4 

5.6 

7.3 

5.9 

6.8 

5.4 

7.5 

2.5 

8.3 

2.6 

8.5 

2.8 

8.7 

3.4 

8.7 

2.5 

8.5 

7.9 

4.9 

8.8 

5.1 

8.5 

3.2 

8.7 

3.4 

7.5 

4.1 

6.1 

4.3 

6.5 

3.9 

7.3 

3.3 

9.1 

2.7 

8.5 

3.2 

3.1 

2.6 

7.0 

2.4 

8.0 

2.5 

5.6 

2.6 

7.2 

2.6 

7.8 

3.6 

8.5 

3.4 

8.1 

3.6 

8.9 

4.3 

5.7 

7.0 

5.4 

5.8 

7.4 

6.5 

8.5 

5.4 

7.6 

4.6 

7.9 

4.6 

5.5 

5.4 

4.0 

8.6 

3.9 

8.6 

4.2 

8,4 

3.0 

8.4 

4.4 

8.5 

3.9 

8.5 

1  Deflection  x  10~2  inch 

2  Chronological  age  of  pavement,  years 


6  Curve  B 


Curve  C 


10  Curve  A 

in  Plate  28 


8  Curve  B 


4  Curve  C 


.  •  ■■  ■.  : . 
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TABLE  27 

COEFFICIENT  OF  VARIATION  OF  RATING-SECTION  LENGTH- 

CHRONOLOGICAL  AGE  OF  PAVEMENT 

(Plotted  in  Plates  29  &  30) 


COEFFICIENT  OF  VARIATION  OF  RATING, ,  % 

A 


Section  Length  1 

mi.  X 

z 

CHRONOLOGICAL  AGE 

OF  PAVEMENT 

<5  10 

8  7  6 

5  4 

Highway  9 

1 

22.5 

5.0 

0.5 

10.0 

2 

2.0 

6.1 

0.5 

8.2 

3 

2.1 

6.6 

0.6 

9.1 

4 

0.9 

6.0 

0.6 

10.0 

5 

0.8 

6.4 

0.6 

9,4 

6 

10o0 

6.0 

0,3 

5.0 

7 

2.1 

6.6 

0.6 

9.1 

8 

4.0 

4.5 

0.4 

8.9 

9 

4.4 

3.5 

0.4 

11.4 

10 

5.8 

3.8 

0.5 

13.2 

11 

2.6 

2.8 

0,5 

17.9 

12 

1.7 

2.5 

0.5 

20.0 

13 

6.9 

2.9 

0.7 

24.1 

14 

1.6 

4.9 

1.0 

20.4 

15 

0.4 

5.5 

0.7 

12.7 

16 

0.9 

7.3 

0.7 

9.6 

17 

0.3 

6.5 

0.7 

10.8 

18 

2.0 

7.1 

0.5 

7.1 

19 

8.4 

7.4 

0.5 

6.8 

20 

0.3 

7.4 

0.5 

6.8 

21 

2.1 

7.1 

1.0 

14.1 

22 

0.8 

7.6 

0.9 

11.8 

23 

0.9 

7.5 

0.9 

12.0 

24 

0.3 

7.7 

0.7 

9.1 

25 

0.4 

8.0 

0.8 

10.0 

26 

1.4 

7.7 

1.1 

14.3 

27 

1.8 

8.0 

0.5 

6.3 

28 

0.9 

8.0 

0.6 

7.5 

29 

0.4 

8.1 

0.6 

7.4 

30 

2.8 

7.4 

0.9 

12.2 

31 

1.0 

7.6 

0,8 

10.5 

32 

0.8 

7.5 

0.7 

9.3 

33 

3.5 

7.9 

0.9 

11.4 

34 

1.8 

7.9 

0.9 

11.4 

35 

0.2 

7.8 

0.9 

11.5 
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COEFFICIENT  OF  VARIATION  OF  BATING,-?-  % 

X 

CHRONOLOGICAL  AGE  OF  PAVEMENT,  years 

Section  Length 

mi.  X  &  10  8  7  6  5  4  3  2  1 


Highway 

13 

1 

1.1 

5.0 

0.8 

16.0 

2 

3.3 

4.8 

0.8 

16.7 

3. 

0.5 

3.8 

0.4 

105 

4 

0.7 

3.8 

0.4 

10.5 

5 

1.4 

4.6 

0.8 

17.4 

6 

0.3 

5.1 

0.7 

13.7 

7 

0.9 

4.9 

0.7 

14.3 

8 

2.0 

4.1 

0.4 

9.8 

9 

1.7 

4.0 

0.1 

2.5 

10 

2.6 

5.2 

0.2 

3.8 

11 

0.9 

5.4 

0,6 

11.1 

12 

4.3 

4.5 

4.0 

8.9 

13 

5.4 

4.9 

0.6 

12.2 

14 

14.9 

6.6 

0.8 

12.1 

15 

8.4 

6.6 

1.0 

15.0 

16 

2.7 

6.9 

0.9 

13.1 

17 

0.5 

7.0 

0.9 

12.9 

18 

1.3 

7.0 

0.8 

11.4 

19 

3.1 

7.3 

0.7 

9.6 

20 

13.3 

7.5 

0.9 

12.0 

21 

2.5 

8.1 

1.0 

12.4 

22 

1.0 

8.1 

1  .o 

12.4 

23 

1.2 

8.3 

0.8 

9.6 

24 

9.6 

8.5 

0.8 

9.4 

25 

2.8 

8.3 

0.8 

9.6 

26 

1.5 

8.6 

0.7 

8.1 

27 

2.1 

8 .6 

0.6 

7.0 

28 

2.0 

8.8 

0.6 

6.8 

29 

2.2 

8.9 

0.5 

5.6 

15ft 
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COEFFICIENT  OF  VARIATION  OF  RATING ,  ~  ,  % 

_ X _ 

CHRONOLOGICAL  AGE  OF  PAVEMENT,  years 

Section  Length  __  . 

mi.  X  3  IQ  8  7  6  5  4  3  2  1 


Highway  14 


I 

0.9 

5.5 

0.4 

7.3 

2 

0.7 

5.7 

0.4 

6.9 

3 

7.8 

6.0 

0.4 

6.7 

4 

1.6 

6.0 

0.9 

13.0 

5 

0.2 

5.9 

0.4 

6.8 

6 

1.3 

6.1 

0.6 

9.8 

7 

1.8 

5.2 

0.5 

9.6 

8 

3.0 

6.2 

0.3 

4.8 

9 

0.4 

7.0 

0.5 

7.2 

10 

0.5 

6.7 

0.3 

4.5 

11 

0.2 

6.8 

0.6 

8.8 

12 

0.5 

6.6 

0.9 

13.6 

13 

1.2 

7.0 

0.4 

5.7 

14 

9.9 

7.4 

0.4 

5.4 

15 

0.6 

7.3 

0.5 

6.9 

16 

1.0 

6.8 

0.6 

8.8 

17 

2.0 

7.5 

0.5 

6.7 

18 

2.8 

8.1 

0.4 

4.9 

19 

0.8 

7.8 

0.5 

6.4 

20 

2.4 

7.8 

0.6 

7.7 

21 

1.5 

8.0 

0.5 

6.3 

22 

6.3 

8.4 

0.5 

6.0 

23 

0.2 

8.5 

0.7 

8.2 

24 

1.1 

8.0 

0.6 

7.5 

25 

0.3 

8.0 

1.0 

12.5 

26 

8.9 

8.3 

0.6 

7.2 

27 

0.6 

8.4 

0.5 

6.0 

28 

6.1 

8.0 

0.6 

7.5 

29 

10.1 

8.1 

0.7 

8.7 

30 

6.8 

8.2 

0.8 

9.8 

31 

2.9 

8.4 

0.3 

3.6 

32 

8.5 

8.6 

0.7 

8.1 

33 

5.1 

8.3 

0.7 

8.4 

34 

1.2 

8.5 

0.3 

9.4 

35 

1.0 

8.7 

0.5 

5.8 

36 

2.5 

8.7 

0.6 

6.9 

37 

3.5 

8.5 

0.8 

9.4 
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COEFFICIENT  OF  VARIATION  OF  RATING ,  1 

_ _ _ A _ 

CHRONOLOGICAL  AGE  OF  PAVEMENT,  years 

Section  Length  _  - - — — - - — — — 

mi.  X  6  jo  8  7  6  5  4  3  2  1 


Highway  16 


1 

5.8 

6.6 

0.8 

12.1 

2 

2.8 

6.8 

0.5 

7.4 

3 

1.0 

5.8 

0.6 

10.3 

4 

0.6 

4.9 

0.9 

18.4 

5 

0.5 

5.1 

0.7 

13.7 

6 

1.9 

3.2 

0.6 

18.8 

7 

1.8 

3.4 

0.4 

11.8 

8 

0.4 

4.1 

0.5 

12.2 

9 

0.8 

4.3 

1.2 

27.9 

10 

1.5 

3.9 

0.6 

15.4 

11 

1.1 

3.3 

0.7 

21.2 

12 

0.3 

2.7 

0.8 

29.6 

13 

1.9 

3.2 

0.6 

18.8 

14 

3.8 

2.6 

0.5 

19.2 

15 

1.0 

2.4 

0.7 

29.2 

16 

0.8 

2.5 

0.7 

28.0 

17 

0.9 

2.6 

0.7 

26.9 

18 

1.1 

2.6 

0.7 

26,9 

19 

1.0 

3.6 

1.0 

27.8 

20 

2.2 

3.4 

0,7 

20.6 

21 

1.4 

3.6 

0.9 

25.0 

22 

2.0 

4.3 

0.6 

14.0 

23 

4.7 

7.5 

0.4 

5.3 

24 

0.8 

8,0 

0.3 

3.8 

25 

0.2 

8.4 

0.6 

7.1 

26 

1.6 

8.3 

0.6 

7.2 

27 

3.6 

8.4 

0.6 

7.1 

28 

0.8 

8.4 

0.6 

7.1 

29 

3.4 

8.5 

0.6 

7.1 

30 

0.7 

8.5 

0.5 

5.9 

31 

2.9 

8.4 

0.6 

7.1 

32 

1.3 

8.4 

0.7 

8.3 

33 

4.4 

8.6 

0,8 

9.4 

34 

2.4 

8.2 

0.8 

9.8 

35 

8.7 

8.6 

0.7 

36 

2.7 

8.6 

0.9 

37 

6.9 

8.4 

0.8 

38 

0.7 

8.4 

0.9 

39 

4.6 

8.5 

0.7 

40 

0.5 

8.5 

0.7 

8.1 

10.5 

9.5 

17.1 

8.2 

8.2 
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COEFFICIENT  OF  VARIATION  OF  RATING  ,  7, 
CHRONOLOGICAL  AGE  OF  PAVEMENT ,  years 


beet ion 

Lengtn 

mi. 

X 

10 

8 

7  6 

5 

41 

2.5 

8.2 

0.7 

8.5 

42 

1.5 

8.2 

0.5 

6.1 

43 

10.8 

8.1 

0.8 

9,9 

44 

2.9 

8.1 

0.6 

7.4 

45 

0.9 

8.2 

0.9 

11.0 

46 

2.3 

8.0 

1.0 

12.5 

47 

10.0 

5.8 

1.7 

29.3 

48 

0.6 

6.3 

1.1 

17.5 

49 

0,8 

6.8 

1.1 

16.2 

50 

1.7 

6.7 

1.4 

20.9 

51 

0,7 

6.5 

1.5 

23.1 

52 

5.9 

6.7 

1.1 

16.4 

53 

3.4 

7.0 

0.9 

12.9 

54 

1.1 

5.8 

1.6 

27.6 

55 

0.8 

6.5 

1.5 

23.1 

56 

2.1 

5.4 

1.5 

27.8 

57 

0.8 

4.6 

1.1 

23.9 

58 

4.0 

4. 6 

0.6 

13.1 

59 

0,8 

5.4 

0.7 

13.0 

60 

0.3 

6.1 

1.0 

16.4 

61 

1.1 

4.4 

0.8 

18.2 

62 

14.0 

6.3 

0.7 

11.1 

1.  Mean  of  five  rating  values. 

2  Standard  deviation  of  rating 
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1 .  Calculation  of  pavement  deflection  Total  Pavement 

Thickness  Curve  in  Plate  1 


^  =  1v5  £r 

E2 

P  =  80  psi 

*  =  6" 


Fw 


E 


2  - 


E1 

Ew 

A 


2,000  =  1- 

60,000  30 

0.266  @  h  =  9!i 


1  »5pr 

E2 


Fw 


Ij1JL^L2L±  x  0.266 

2,000 


=  .0958* 


2 .  Calculation  of  Pavement  Deflection  -  Modulus  P.atio  Curve 

in  Plate  2 


Fw  i=  0.38  @  K  =  15"  and  £2  =  1 

E1  5 


_  1  °5pr  -p 


w 


For 


E2  =  2,000  psi 


A  =  ,x80  x,  6  x  0.38  =  0.137" 

2,000 


3.  Calculation  of  Modulus  of  Subgrade  -  Modulus  of  the 


Reinforced  layer  curve  in  Plate  3 

F  =  0.49  @  h  =  5"  and  ^2  =  \ 

E1  "5“ 

e2  =  1-5  £r__.  Fw 

For  a  =  0.05" 

E2  =  1 .5  x  80  x  6  =  0.49 

.05 

=  7060  psi 

4.  Derivation  fo  Empirical  Equations  in  a  form  of 

E1  -  1 
E2  Ah-B 

For  a  =  .05 

E2  =  2,000  psi 

Fw  =  E2 

1.5  pr 

=  =  0.139 

1 .5  x  80  x  6 

-L  =  2.036  @  Fw  =  0.139  and  =  70 

h  E2 

♦  •  h  =  2.036  x  r 

=  2.036  x  6 

=  12.2  x  6 

Taking  a  functional  form  of  y  =  for  the  relation- 

'  ax-b 


ship  between  the  variables  considered 


... 


. .  ■  -. 


:  .  .....  »vsl 


... 


- 


v 


.  . 


. 

. 


" 


...  ,  :  <yi  .  :■  : . .  .  >  :;j.  ,.  v , . 


.  £>.  ' .  :■  1  ■  ..  v  uo  ■  rii 


The  "normal"  equations  for  evaluating  the  values  of 
a  and  b  are 


(II)  £(-—-)  =  a^(x)  +  b  3  (x2) 

Substituting  and  solving 

a  =  0.00271 

b  =  0.0197 

Thus  El  =  l 

s2  0.00271  h  -  0.0197 

5 .  Calculation  of  Deflection  -  Fire  Pressure  curve  in 

Plate  10 


J 


9000 

80  v’ 


5.98" 


k  =  1.504  for  h  =  9" 


r 


For  Jl  =  4)0qo  =  l 

E1  120,000  3 


252 


=  il 1JK  F 

E2 

 1 .5  x  80  x  6 


=  0.0455 


-j.  -  •  •  Oil 


i 


~ 


;  -  lu:>J 
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APPLICATION  OF  STATISTICAL  METHODS  OF  ANALYSIS 


The  arithmetic  mean  is  used  as  the  average  of  many 
observations  on  one  variable  and  the  standard  deviation,  as  the 
measure  of  the  extent  to  which  the  observations  scatter  about  the 
mean.  For  N  observations  X^,  X2**»  X^,  the  arithmetic  mean  is: 


X 


^  (X) 

N 


and  the  standard  deviation  is  the  root  mean- square  of  the  N 
deviations  from  the  mean: 


<5  =  ^  (X  -  ih2 

V  N 

The  coefficient  of  variation  is  to  relate  the  measure 
of  dispersion  to  its  average  and  to  convert  it  to  percentage  form. 
It  is  the  standard  deviation  divided  by  the  arithmetic  mean, 


V  =  £_  100 

X 

For  the  analysis  of  the  relationship  between  two  variables, 
a  functional  relation  is  first  assumed  and  the  values  of  the  con¬ 
stants  in  the  assumed  equations  are  determined  by  the  method  of 
least  squares.  The  principle  of  least  squares  states  that  a  line 
of  best  fit  to  a  series  of  values  is  a  line,  the  sum  of  the  squares 
of  the  deviations  about  which  will  be  a  minimum.  The  equations 
used  for  the  analysis  of  the  functional  relationship  in  this 


dissertation  include: 
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linear,, 

y  =  mx  4-  b 

hyperbola, 

y  ®  — ] -  and  y  =  1 

mx  -  b  x 

parabola, 

y  =  a  4  bx  +•  cx‘-  +  dx^  +  ex^1' 
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